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ABSTRACT

This report covers work (a) on the low temperature
00°C., -30 C., and O0 C.) stability in Pyrex glass of

0- 100% hydrogen peroxide, (b) on the effeot of container
surfaces on the stability of such peroxide in th,' 50-70°C.
temperature range, an'1 (c) on the mechanism of hydrogen
peroxide decomposition.

Carefully purified, or commercially stabilized,
90-100% hydrogen peroxide in Pyrex glass at -60 0 C. to
O°C. is stable and btorable, with leas than I ppm per

day (0,04% per year) decomposition. At higher tempera-
tures (50-70 0 C.), mildly irradiated "Teflon" FEP fluoro-
carbon as a contalner surface is exceedingly inert to
high strength hydrogon peroxide, causing less than
one-third the peroxide decompouition of a paseivated
aluminum surface, and less than one-half that of
passivated Pyrex glass. Studies of the sitea of attaok
of hydrogen peroxide on aluminum surfaces are described,
together with methods of following the mechanism of
decomposition of hydrogen peroxide catalyzed by metillic
ions (both oxidizing and reducing) and radiation. This
latter work may suggest superior stabilization systems
for hydrogen popoxide.
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INTRODUCTION

This report summnarizes the work performad by the Electrochemicals

Department of E. I, du Pont de Nemour8 and Company under Conti-aot No,

AFOl(12-''' ------ c~ cwi h wi1S~ ul High~ ~itrangtf 1202'.

The requirements of this contract are stated aa follows:

1, The Contractor shall conduct a research program consist-

ing of the following phases:

a# Determine the inherent oulk stability of pure

90 to 100% hydrogen peroxide at temperatures

ranging from -60 0 F. to +160*F. in the absence

of catalyzing aurfaces oy using solid hydrogen

peroxide as the wall.

b, Determine the effect of wall surfaces = the

bulk stability as secured above oy electron spin

resonance and infrared attenuated total refleoda

techniques employed on the intefAne.

0. To subject the pure hydrogen peroxide in contaot

with a ataole surface, if on@ is found, to radia-

tion to induce Inataoility and thus generate

radicals whose interactions with the surface can

be determined. The choice and use or the stable

surfaco, if found, will be mutually a&rood upon

by the procuring aotivity and the contractor

before this phase of study oomnenoes.

2, Thim program shall be directed toward the gathsririg of

information affecting 'he stePoAility of hydrogen peroxide.

Smphasia will lie on the reliability and reproducibility or

the data attained.

S1



Section 1(a) experimentation was carried out p'rimtrily at the

Research Laboratories of the Electrochemicals Department at Niagara

Fallso, New York, uy Dr. A. M. Stock- Sections 1(o) and 1(o) work

was cairied out primarily at the Radiation Physics Laboratory of

the Aigin Virjig Deparcmeit at Wilmington, Delaware, by Dr. J, P. Paris.

As a result or the above separation of effort, thit report is

divided into two sections, Section I covering work at Niagara Falls,

and Section II ooveri'ng work at Wilmington.

SUOIMARY

Section I

1. Aftor conaideraole engineering study, followed by a few

scouting experimonta, it was concluded that determination of the

high temperature stability of high strength H2 0-, surrounded oy a

container wall of e'rozen H2 02 , while feasible, •ov'2 not be carried

out within the limit of funds allocated to this contract. Suggested

extenmion o•f the contract was not approved. w'o engineering studies,

one on a "minimum metal container surface" and one on "solid H20 2

container eurfaoe ",are appended as Appendicies I and I1.

2. In view of (1) above, it was therefore deoided to limit

experiments on the storage staullity of high strength H2 02 to

temperatures at which H20 2 was solid, thus lmitinj; the access of

H2 02 molecults to the container surface. These temperatures we"

selected at -30'0. (-220F.),and -60=c. (-76'F.). In addition,

te~ss were inoludod at O'C. (320F,) so that our results, taken in

oonjun•tion of those of Roth and Shanley (Ref. 4) would span the

entire temperature range of -60'%, (-76*r.) to lCO'OC. (212s'.).

Equipment oapsa'l or doteoting decomposition in the z'anae of I ppm/day

was umeembled and tes'ýed.

iI
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3. Two-week stability tests w'ere thhen set up at the three

temperatures noted in (2) above, usin4 as test samples 90% concen-

tration stabilized. commercial H2 02 from three manufactijierr&, 98%

and highly purified, unstabilized H20? of both 90 and •99* concen-

tration, made from commercial Du Pont 90% concentration stabilized

H202. Procedures for securing th-se later two grades are outlined

later in this report, while a discussion of ;onoentration of' 90%

H202 to 994% by crystallization (taken from unpublished Du Pont

work) is appended as Appendix III.

Standard drop tests were carriec out on soltd high strength

H202 to be certain that the solid state did not increase the

sensitivity of the H202 to shock, These testa were carried out

with a Gardner Variable Impact Tester (Catalog Nu. 10-1120, Qa-dner

Laboratory, Inc., Bethesda, Maryland), This Instrument permits a

known weight to fall from a known height onto a sample suppoirted on

Ln anvil. To carry out the impact tests, the invll was i emoved and

refrigerated to -600 C.; the weight was raised to ýtu maximum height

and held at this point with a thin wire. The anvil was quickly

replaced and solid :1202 crystals pleced on it,; the weight was then

rcleased by cutting the wire. No evidence of aotonation was observed

under chose conditions. In these tests, the manufaoturer's Impact

calibrations were used without independent checking against calibration

standards. To the limit of our equipment (50 inch-pounds impact),

crystalline 99.,% concentration H202 was in5snsitive to impact.

4. Studies of the decompositiou of' oommnrcial utabiliued

90% H202 (triplioate samples) gave the following resultai
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a. At -600C, all samples toeted showed no de-

rnO.iu~.iun (rates, i1 any, or less than I ppm per day). j
All samDles were comnletaly i1r-Il -thr•o-•out th.- te

b. At -30"C., all samples oontained a minor amount

of liquid H20 2 . Pour of the nine samples tested gave small,

but measurable amounts of decomposition (0.9-2,1 ppm/day).

The remaining samplea showed no detectable deoompoestion.

o. At QOC.) all samples were completely liquid. All

tkhrau samples rrom one manul'aoturer showed deoomposition ratas

of 3 to 5 ppnk/day. The samples from the other two manufaoturera

sh'awoa very slow decomposition Crom just detectable to 1.5 ppm/

duy.

,4 Rkpeat of these tests in a slightly modified, more

sensietive apparatus capable of detecting docompositions of

0.5 ppi/day oonfirmed the above rates;

I -

( u i mu u n n i
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(1) At -60*C., deco)mposition lesb -han 0.5 ppm/dty.

(2) At -300C., decomposition tsirely detectable in

some samples.

(3) At O*C., a sample of thne H2 02 that showed 3 to

5 ppmday in test 4(c) aoove, gave aoour tre

same rate. One sample from a second manufacturer

also indicated a 3 ppm/day rate. A13 three

samplet from a third manufacturer gave no measurable

decomposition.

5. Study of the decomposition of comm.ercial 98% H2 0 2 gave the

followinC results:

a. At -60Q'C., no decomposition.

b. At -30C., completely solid, no decomposition.

c. At OOC., Nample liquid, no decomposition (under

0.5 ppm/day),

6. Studies of the decomposition of highly purified, unatabilized

90% an~d 98%+ concentration H2 02 gave the following results (triplicate

samples), in our more sensitive unit mentioned in 4(d) aoove:

a. At -606C,, no detectaole decomposition.

b. At -30"C., no detectaole decomposition.

0. At 09C., 98%+ H202 0.9, 0.7, and "0.1" ppm/day decompositio

90% H2 02 , "0,3", 10.4", and 1.7 ppm/day decomposi-
tion

We are tnolined to blame trace contamination for the ttio higher values

for th3 93%+, and the one nighor value for the " matorial, and conclude

that the decomeasition rate of highly purified H2 02 is essentially un-

detectable at 0"C. in equipment capable of measuring decomposition rates

in the under 0.5 ppm/day range.
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7. On the basis of the above data, we conclude:

a. At -60oc. solid hydrogen peroxide shows no evidence

of dannnmnxl+ý1Imn ie.wea 4---------------- -

*- stabilizers,

b. The onset of decomposition is associated with the

appearance of a liquid phase at about -300C. in the case of

90% H2 0, and at somewhat higher temperatures in the case of

98% H2 02 '

c. In the liquid phase (O*C.), decomposition rates or

commercial high strength (90% and 98%) H202 range from a

maximum of 6bout 5 ppm/day to helow thýe level of statistical

significance.

d. In tohe liquid phase (O*C.), carefully purified unsta-

oilized H2 02 is only slightly lose stable than the most stable

commercial H202 aa•d considerably more atablo than the least

stable commercial H2 02 , indicating that stabilizers are not

required for high stability provided hi&h purity is maintained,

e, Only a rough correlation between low electrical

conductivity and high staoility was found, Indicating that

electrical oorductlvity per se'is not a reliable indicator of

stability.

t

[ .

[ 
,
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Sec ion II

1. Container Materials for Storage of High Strength 2

(a) Aluminum. High purity (99.6% or netter) aluminum has been

considered tI-ic *Dczt' 0-noat Inr)ihLra :rcntrcinofdu

storage tanks, and tank-cars used in high strength H202 storage and

shipment. From our work it is apparent that the oxide sealing

treatment of the aluminum surface before use Is not perfect, an4

allows contact of the stored peroxide with the aluminum surface.

Exact chemical nature of the oxide film could not be e9tablished.

With contact of the aluminum surfaoe by the H202, decomposition at

the 31•e of catalytioally active heavy metal contaminate atoms

appears certain. Howevero it was not ,wisible to demonstrate the

superic' resistance of 99,999 aluminum over that of 99,9%. It

also appearo that scratches and mechanical damage to the aluminum

srfaue before oxide sealing provide sites for preferential pitting

attack on the surface. Suggestions for more dofinitive work are

outlined in Appendix IV. !

(b) Pyrex Olams, Literature values for the decomposition of

high strength 8202 stored in pl-operly aleaned and paseivated Pyrex glass

we re readily duplicated.

(c) Polyethyýyene. Examination of the surf•ae ot both linear and

branched chain polyethylene indicated a temperAture dependent attack by

high strengt H202, Development of the 0-0. -0., and 0-H bands at 5'06

and 706C. could be readily followed. Polyethylene ý.e not a suitable

material for containers for high strength H2O.
(d) pluorgoaroon polymers, "Teflon" TlY-fluorooarbon film showed

no detectable surface attack ny 90% concentration h202 after 500 hours

at 70•C, ilowever, a perfluovosulronio said ion-exchanas membrane was

raptdly attxoked, giving noticeable 0-0 absorption after 2 hours, Our
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mlost significant work was done with "Teflon" FzP-rluorooarbon resin

as a container for high strengh H2 02 . A sample bottle made from

strength HpO,2 stored in it at 70C0. for a 5-hour period than did a

passivated Pyrex glass bottle, However, rnild irradiation of the

"Teflon" FEP bottle in air, while not adversely affecting the physical

properties of the containerý reduced its catalytic &tfeot on oontained

90% H2 C2 to about half that of passivated Pyrex glahs, and to about

one-third thatcC pa51vateOd alumi1num. Such an irradiated surface

is the most inert that has been repoited. We recommend consideration

of such a oontciner surface for long term H2 02 storage.

2. Reaction Mechan.sm of HpOp Decomposition

Pure H202 is a very stable molecule, Decomposition studies

therefore require an initiator to start the chain deoomposition

reactions. In our work we utilized (a) a reducing agent (titanous

chloride), (o) an oxidizing agent (ceric salts), and an irradiation

system (ultraviolet %Ight). All three of these agents aided in the

'over-all understanding of tha mechaniom. The reactions Involved are:

(A) M+% + H202 -- > M*(4+l) + ,OH + OH"

(b') M+% + H2 02 -> M+(1l) + H+ + HO2 ' • W+ '02"5
hV (superoxide son)

(,a) jitanous 2hlorldfo am an Initiator. Rapid mixi'1,g flow cells

were Qonstructed to eludy the reaction of titanoaa chloride with H202

in an electron paramagnetic resonance (EPR) cavity. A rapid closing

valve allowed ;'atop ilow" studiesi giving radical decay values, to be

made in this same unit, In this unit the basio reaction was studied.
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In addition, the effect of methanol or ethanol additions, change in

pH, changes in H2 02 concentration, and the addition of ferrous ion

hydroxy methyl radical.

(b) Ciric ion (nitrato-cerate ion) as an initiator. In the

same system an used in 2(a) above, the reaction of H2 02 with Ce(N0 3 ) 6 "

(nitrato-cerate Ion) was examined, Oood evidence was obtained that

the reaction sequence was:

(d') Ce(N0 3 )6
2 + 0 --- Ce(N0 3 )6" 3 + H2+ + HO2

(e') HO2 ' 0 1+ +*.

i ,t was found that ouprio ions added to this system drastically reduced

the ,02" level. It is believed that this is the meohnibm responsible

"for the cotalytic decomposition of H2 02 oy cupric ions. Methanol, on

the other hand, did not react with ,0. This suggests that the

stabilizing effect of methanol on H202 is possibly due to scavenging

of ,OH radicals,

(a) hotoohomioal dissociation of H),22 . Equipment was construotid

in which light from a low pressure mercury arc wan appropriately filtered

to isolat* the 2537A HS line, This light war then used to decompose M202

as follows:,~h4

(a) 202 -> 2-OH

(f,) .o0 + HRo2 -- > H20 + 0H2 ' 1P 'o0 + H+

It was'hoped to add a scavjr~jing agent that would react completely

with the superoxide ion ('O02), and oy measuring the amount of

reaction product, determine the quantum yield in the photolysis of

H2 02 - We were ablo to bo do, and ocnfirmed literature data on the

quantum yield determined by another method. The Goavbing agent used,

4'



IIAMLP-TR-66-13

tilranitr'omethane) appears, to react qiaantitatively with the super-

oxide I.cn.

MAJOR CONCLUSIONS

';aerUYpL4LrieiL 1 Or Cultaabize

90% and 98% H202 can be considered stable and storable at temperatures

of 00C. (32"P.) or below. Decomposition rates of less than 1.0 ppm/day

should ýe rtiadily attainable under theae conditions in standard pasaivated

aluminum storago vesaels. This concluaion is borne out by unpublished Du

Pont experience, in which solid 99+ H202 has been stored in Pyrex glass

at -30*C. for a three year period w,.th no detectable decrease in concon-

tration as meauured by permanganate titration, It should be noted that

H2 02 increases in density by about 15% upon freezing, Deoomposition

or I ppm/day of 90% H202 At OC, in an unvented container with 5% outag*

should not build up ovir 200 pail preasure in a 4 year period.

TYPICAL DECOMPOSITION !EATES

Deoompouition Rates

Purified Purified stabilized Stabilized
Temperature, 98-o% H202 90% HX0O 90% H2 02  90% H202

-60 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

-30 N.D. N.D. N.D. N.D. N.D. N.D, 0.5 0.018

0 0.7 0.025 0.3 0.010 N.D. N.D. 0.6 O.M

30 ,443 - - 29.9 3  1.093 4o83 4,9S

66 13, - - 27.47 17 47 7

ND - no dsoomipocition detected

I.



In other unpubliohed Du Pont work, we h.ve shown that, not only

is solid H2Oo extremely ntable. hut alan mmmh 1^AAa raum tha

liquid H2 02 . At -550C., we have maintained cratals of 99%+ H202

in contact with an active silver screen catalyst for 4 hours with

no decomposition. We have also mixed Bol-d 99%+ H2 02 with solid 99+

hydrazine at -700C. with no reaction. In tho later oase, warmirng

the mixture to -250C resulted in explosive decomposition of the

mixture.

2. "Teflon" FEP fluorocarbon film, mildly irradiated in air,

offers a aurface for a storage container for 90% H2 02 that haD vlly

one-third the catalytic decomposition rate of a pansivated aluminum

surfaoe.

3, It is possible, with modern physical tools, to V'ollow

conoisely the growth and deoay of short-lived intermediatvm in the

catalytic decompositions Of H2 02 - Further light has been ihea on

these oomplioated reactions. By selecting the proper scavenging

agent for key intermediates in these chain reation, superior

H2 O2 stabilizers might be developed.

I.

S I
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SECTION I - STORAGE STABI1T' OF :lUH STRENGTH H2.9

DISCUSSION

Essentially anirydraus h.yorogen peroxide was prepared from

commercial (Du Pont) 90% hydrogen peroxide by fractional orys-

tallization followed by distillation under reduoed pressure. By

carrying out the cryetallization at acout -30CC, and accepting a

moderate (40%) yield of crystals, it was possible to obtain 98-99%

H202 by a single cryBtallizaton of tho commorcial 90% H202  Under

tnose conditions largo, well-foronel crystalH were obtainerd. in one

case, the cryntal3 attainud L length of soout 3 inches (See Figure

S-i). The 6rystals wcre collected on a uintered glans filter,

olanxet-ed with dry nite'ogen and allowed to melt slightly to remove

v:e surface film of mother liquor. Distillation was carried out

aoooraing to the procedure of Cross anC. Taylor(l), using a modified

form of the apparatus doeoribed oy these workers (See Figure S-2).

As recommended in the literature(l,2), the diatillation was orketuoted

in the prosenon of a trace of NaOk. Distillation served primarily to

remove ionic impurities And brought about only a slight increase In

A202 concentration.

II, Electrical Conductivity of Pure 'CoOQ

The electrical conductivity of pure H20; hag been studied by

lemveril workers(3p,56), Early Investigators(5) have reported a

specific conductance of 2 mioromnos at 25'C, More recontly) u• ifol..o

conduotanoes of 0,82 miorcmho at k5'o,(6) and 0.39 mlicromho (temperature

unapooif.•d)(.) have be(n reported.
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We stuliec, the conductivity of pure H2 0 2 preparwd by filaotional

orstallizatlon and distillation as a means of deterainira Its nuritv.

The results o' thie study (sea Taole S-i for data) can be summarised

as followsl

a. fractional orystallization reduced the conduotivity

of commercial 90% H2 02 to approximately half its

initial value) (while increasing its conoentration

to 984% He0 2 ).

b. distillation of the oryatallized H202 reduced its

specific conduotance to acout 2 mioromhos, the

value reported irk the early work of Outhoertoon and

Masa(5),

a, A second distillation of orystallized and once-

diatilled H202 reduced its apecific oonductanoe to

1,2 mioromhoi, a 'talus greater than that reported In

the more recent literature(3,6).

d. the specific conduc.tance of both 984% H202 and 'Idsicinisecl'

water inoreased on storage in contaot with "Pyrex" &laI&.

We attribute our failure to achieve the lowest conductivity

reported in the literaturv to handling and storage In "fyrex" glass-

* ware and the presence of tip to 2% water In the orymtalliaedi distilled

* H202 . In the H20-H202 mystem specific oonductanoe passes through a

meximum(5))j via., the spesofic conductance of pure H202 Is increased

by the addition of water and the specific conductance or pure water

is inoreased by the addition or H202. We have limited our purification

prooeduve to orystallimation and a single distillation, sinae repetaed

distillation produoed a relatively 11a4l decrease In oonductivity.

8ance conductiviuy or the H202 samples is certain to increase during



thc stability teste iu,; to the prolorned oontaot with "Pyrexll glaos,

we question the significance or extremely low initial conductivity.

III. Rate of Dec-,mpostlon of High Lltreongth H2.0)

, 'J' U u pu •-~n �vuiae experimenuo were oari•,e1 out,

In the first serioa, the decomposition rates of might aamenlaa of

commeroial 90 V202 from three manufacturers and of thoe samples

of oommeroial 98% H2 02 Irrom a aingle man~ufacturer were determined,

Zn these experiments the 11202 samples were placed in speoially

Uaciened Usoompoaition flauke (iee FigLure S-5) in a modified 1Hevoo

Model ULT-903 low tempevature rofrigerator. The flasks were

conneoted to manometers conhtructed o k mm. "Pyrex" capillai,

tubing by menns of mm, "`pyrox" or 4 mem "TeflIon" "capillary tCaLing,

Both types of tubiag proved aatisfaotory. "Teflon" offered the

advantage of greater flexibility, The manometrio I'luid was uoloz'ed

kerosene (denasity 0,800 g,/ml, mt 230C,). (See Figure 8-7 for a

sohematic drawing of the decompositiun rate apparatus,) This type

of deo~mpoaition rate apparatus was extremely sensitive. A barely

detectable pressure ohange (2 mm, kerouene v 0,12 mm. Hg) wars

oaloulated to correspond to deoomposition uf from 0,10 to 0.14 ppm

ol' tho H202 sampleo, Theoretioallyj then1 a decomposition of well

under I ppm over the entire test period should have been deteotable,

Unfortunatalyj this small amount of dweomposition fell well within

the error imposed principally by temperature fluatuationp within the

refrigerator. For example,, at -b69%, tho indicoated refrigerator

temperature varied from -57 d to -60.00. 3ince the deoompomition

flasks were Immersed in a fluid of low heat capacity (air) with no

provision for foroed olroulationj actual temperature Inside the

Regimstered Du Pont Tra emark
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decomposition flasks may have varied oonsiderEibly from the indlcated

temperature. We indmed o•aerved that fluctuations in pressure lafiged

estimate the possible error due to temperature fluotuation to be

of the order of 10 ppm, Thus, over a two-week period of observation,

decomposition &t a rate of about I ppýiday ahould produoe a proasure

increase greater than the experimental error.

The reaulta or The first series or deoomposition rate studiee

can be summarized as follows,

A. At -600c., all aample3 were ontirely in the solid state.

Proueure variations within the decomposition Plaoks were random and

gave no indication of accumulation of oxygen. (See Figure 8-8 for

plots of premsuro vs. time for typical samples of 90% and Q,% H202 .)

Since a decomposition rate of I ppm/day should have caused a noticeable

upward tiend in pressure, we oonolude thAt at -60oC, all the commeroial

XHO% aamples tested Uecoompono *t a rate of lies than 1 ppm/da)!, if

at all,

U, At -3000-1 the 9 HNO0 remained entirely in the solid phase#

while the 90% H202 Pimples oontained both a solid (major portion) and a

liquid (minor pgrtion.) phase, At thio tempraturej four samples of

90% Hl e¢howed evidence of decompoiition (i.e,, a decompoiltlon

rate of about I ppm/day or more). Calculated decomposition rates for

these mamplem were R,l 1.1s, 1.3 and 0.9 ppm/day, respectively. (5ae

STable 8-ýO Samples #02 #7, #10 and #12,) Sinoce none of the 98! H202

samples showed evidenoe of docomposition, we have concluded that thei
onset of decompoiltion is &sbooiated with the appearance of the liquid

phiae. (Bee Figure 8-9 for typical plt5 of temperature vs. time for

~ ' 90% l1202 at -30"0, and Figure 8-10 for a typical plot of pressure vy,

* . time for 98% 0 at -30°2)

._
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C. At U0CI all eleven samples gave evidence of doccaposttion.

Calculmted decomposition rates varied frrm 0.5 to nearly 5 ppm/day

•0-T41 S-. in tnis case, we consider the rate of 0.5 ppm/day
(-" to be aiznifioant, since the W-02 tesmmiex a-and si-ifi,--ny ... --

malting, thus decroasing the free volume of the decomposition flasks

"and increasing the sensitivity of the manometrio systems to smuall

amounts of evolved oxygen, Thus a calculated deoomposition rato of

"0,5 prim/day at 000. may be statistically significant even though the
marginal

calculated rats of 0.9 ppm/day at -3060. may be ot/statlstioal

significancfi. Typical plots (Figure 5-11) of pressure vi, time at

OC. clearly show inorituaing tranos even though calculateaL deoompo-

lition rates are an low as 0.5 Ppm/day. The deoomposition rates at

0'0, divided the samples into two sharply definld oategories,

namely,,eight samples which decomposed at rates of O.5 to • .• ppm/dayh

and three samples which decomposed at rates of 3 to 5 ppm/day, The

three samples which decomposed at the higher rate represented 90%

Hj02 from one of thq three manufaoturers, At the end of the deoomlosi-

tlon rate experimirnt, the specific cosnuctanoes of the samples were

mlasulred, in orde•r to obtain ain estimate of the relative amounts of

Ionic Impurities present in the samples. The oonductance data (see

Table 8-2) Indicated that the aniounts of Ionic impurities were small

and did not varV widely f•ti• sample to sample, Howeverj thfl specitiO

conductanoem of the three loeu stable samples woa' Ugheor than those

* of most of the remaining more 3table samples. Zt an Lonin impurity

was reoponsible for thv lower stability of the three samples in question,

it must have been a powerful catalyst for the deoomposition.

:li• i- i - i i i i i " i ''i - i "i ~ i i -i 'l i " A
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In the second sertes of decomposition rate experiments, the

following sampies were used:

a. three samples of unstaoilized 98% H202 prepared

I 

D

cryutallization and distillation as described in

the Experimental Section of this report.

b. three hamples of unstabilized 90% It202 prep&red

by dilution of the unstabilized 98% H202 with

"deionized" (specific conductivity - 3 x 1O"7 mho)

v,ater. !

0. five samples of commercial CK0% H;i•2 fvom three

manufacturers.

d. one sample of commercial 98% H202.

The deo~mposition flasks used in the first series of experimer.13

(see 7igure 3-5) were modified as shown in Figure S-6. The external

l~tnes connecting the decomposition flasks to the manometers were

shortoncd by replacing the "Pyrex" Slass capill~ry with heavy wall

tuoirng of "Teflon" fluorocaroon resin. "Pyrex" lines within the

refrigeration unit were not changed. Wo have estimated that these

mqdiAfictions increased the sensitivity of the apparatus to ca.

0.5 ppm/day at -30"C. and -60 0 C. and to ca, 02 ppm/day at O"C.

The results of the second series of decomposition rate studies

can te summarized #s follows|

F A. At -60oCc (all samples in the solid state), preesure changes

over the samples (#l, #2 and #3) of unstabilized 98% H202 were small

and random (see PFiure S-lP). Therefore we conclude that solid H202

aenuires no staOilizer against deonmposition$ provided high purity

ia maintaind. Of the three samples (#4, #5 and #6) of unstabilized
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90% H202, two (#4 and #5) showed some signs of decomposition. In

the case of sample #4, approximately half of the apparent gas

calculated decomposition rate for the final 13 day- of observation

was only half that for the entire 14-day period. The reaultb

obtained at higher temperatures (-300 C. and Q"C.) suggest tht,.tI

tne apparent gas evolution from these samples was caused by

failure to attain thermal equilibrium by the time observation was

begun. (During the start-up phase of the run, the freezer tempera-

ture dropped considerably below the set-point due to mechanical mis-

behavior of the unit.) All samples (#7 through #12) of commercial

H202 had apparent decomposition rates of doubtful statistical

significance (i.e,, 0.4 ppm/day or less).

B. At -300C., the observed decomposition rates (Table S-3,

Figure S-13) were below the level of statistical significano or of

marginal statistical significance at most. The "negative" rates

reported (Table S-3) for samples 9 through 12 can be attributed to

failure of the aamples to reach thermal equilibrium at the time o.f

the initial observation. The rate plots in Figure S-3 chow either

little cha•ge or a slight increasing trend in the amount of H202

decomposed after the becond observation.

C. At OC., (see Table S-3, Figure S-34) five of the samples

(#i, 2) 6, 1,; and 11) d-acomposed at statiatically aignifioant rates.

The calculated decomposition rates of samples #4, 5 and 12 were of

marginal statistical significance; and those of the remaining samples

were below the level of statistical significance. The low decomposition

rates of the unstabilized samples confirm that a high degree of stabilityj is possible without stabilizers, provided high purity is maintained.

I . ",, , i : • , " , ' .
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In this group of samples (#I through #6) there seemed to be at least

a rough correlation between higher oonductanco and higher decomposition

rate. The behavior of thn !,:'1oua commercial samplea (#7 throuh #iP)

was nbut the same as it had been in the tir't aer.l.ea of experiments,

with one exception - the decom~os1.cion rate of the 90% H2 02 from

Manufacturer C was higher then expected from the previous results.

The conductanoe measurements do not Indicate ionic coni;amination of

the sample, although contamination by a nonionic materlal Buoh as

silicone grease cannot be entizely ruled out. In any case, the

highest decomposition rates observed at O'C. (ca, 3.5 ppm/day) are

in agreement with those found in the first series of experiments

(3 to 5 ppm/day).

On the basis of the two series of decomposition rate experimenta,

we have reached the following conclusions.

i. At -60oC, solid hydrogen peroxide shows no evidence

of decomposition regariless of the presence or absence

of stabilizers,

2. The cnect of doompoet-.ion is associated with tht

appearance of a liquid phase at a4bout -30%. in thek

0&40 of 90% HO20 and at somewhat higher temperaturaeu

in the case of 98% H2 02 ,

3, In the lcquid phase (O'C.), decomposition reteb of

oon-neroial high stroreth (90% and 98%) H20 2 range from

a mtiximum of ubout 5 ppm/day tr below the level of

statieti•al signifioance.

4. in the liquid phase (0C,). oarefully purified uneab1llized

H202 iu only rlightlv' less s3able than the' most stable

commercial 112 0 2 and ovnziderably more stable than the least

stable oomineroial A202 iaidicating thet stabilisez'i ore not

required, for high stability provided high purity ii maintained.

4 il
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5, Only a rough correlation between low electrical

conductivity and hign stability was found, indicating that

electrical conductivitr per se is not a reliable indicator

of stability.

AV . .oxygen SoiLUbility in HydroDgen Peroxide !

In their careful study of the rate of decomposition of pure

hydrogen peroxide at somewhat higher temperstures, Roth and Shanley(3)

corrected the volume of oxygen evolved for dissolved oxyger. Since

no data on the solubility of oxygen in hydrogen peroxide were available,

they used the water solubility of oxygen as an approximation. We

conmider this correction unnecessarj in the case of liquid hydrogen

peroxide. Our results indicate that liquid hydrogen peroxide de-

composes at a finite rate, even at temperatures approaching its

i' melting point. Therefore, under normal circumstances, we would

expect liquid hydrogen peroxide to be saturated with dissolved oxygen.

it might be argued that samples which were cooled and then held at

low temperatures (as in our experiments) might not become saturated

with oxygen at the lower temperature for a considerable time. We

disoount this poasibility on the following grounds: first, our samples

vers normally stored for considerable periods at abott-SOC. prior to

the start of the decomposition experimentsj second, prompt oxygen

evolution from decomposing liquid samples was observed (see Fig. S-ll

and S-14). Finally, extrapolation of the data of Roth and F
prediots a decomposition rate o.-12- ppmiday for pure hyd tde

at 0°C. We consider that our mc¢'cured decomposition rateb

ppm/day art in good agreement with the data of Roth and Sha:
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It is somewhat more difficult Lo Justify neglecting the oxygen

solubility (or entrapment) in solid hydrogen peroxide. Our experiments

over a two-week period by solid hydrogen peroxide. TViLs observationI .

does not rule out the possibility that sýme actual decomposition

occurred with the oxygen remaining dissolved or entrapped in theo

solid peroxide, Our experiments at -300C. were run im'nediately

following the experiments at -6 0 0c. It hat already been pointed

out that a liquid phase existed in the 90% H2 02 samples. With the

solid and liquid phases existing in equilibrium, the solid should be

purged of entrapped oxygen. Thus during the early stages of the

stages of the experiment at -300C, oxygen should be evolved both

Sby purging from the solid H2 02 and by decomposition of the liquid.

Thus, as the solid is purged of oxygen, the rate of oxygen evolution

should decrease; this phenomenon ha8 not been observed (see Figures

S-10 and S-13). We cannot rule out the possibility that solid

hydrogen peroxide decomposes at an infinitesmal rate. However, the

lack of measurable gas evolution over an ixtended period is sound evlden~e

that sclid H202 is, in the practical senee, "stable" and storable,

EXPERIMENTAL

I. Cleaning of Glassware

All glassware used in contact with H2 02 was cleanod by the procedure
of Shanley and Roth(3) which consists of soaking the gi&aswtire fcr

24 hours in 10% NaOX, rinsing with distilled water, soakin4 for 24 hours

in 0%#HNO3 , then for 48-72 hours in concentrated HN03, rinsing thoroughly

with distilled water, then with "deionized" water and finally drying in a

* fozroed draft over at 125'C.

WWI
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11. Crystallization of HpO,

The sampJe to be crystallized waa placed in a beaker of appropriate

size and cooled in a fva nz i .nr ýep n. j .- •n°C y. .

and not set in by the time the arje reached tiiermal equilibrium)

the liqu.r'. was seeded with a few H2 0• crystals. Aftmr the onset of

crystallization, the sample was left in the fre,.zoe overnight, The

crystels were collected on a sintezred glass filter under a stream,

of dry nitrogen and allowed to melt slightly. The melted H202 waa

drawn off and the crystals traneferred to a clean glass bottle with

a vented aluminum sorew cap. The bottle was ooverod loosely with a

polyethylene bag to excluide moisture and sored in a freezer maintained

at ca. -30°C.

The apparatus was asamemled as in Figure S-2 and ca, 800 S. of

approximately 989 1122 and 1-4 drops 50% NaOH charged to the still

pot(A), A amall quantity of ice was placed in the firat trap 1D) to

dilute any H202 racohitn this point. The still pot (A) and first

receiver (B) were immeraed in water uaths; tre second receivwr (C)

anu traps (D and E) were immersed in soid 00 2-trichlorethylens Datnh.

Distillation was carried out at a pressure of oA, I mm •. The sill

pot water oath was maintained at 1-430C. so that the 202 distilled

without ebullition. The temperature at the still head wan 26-280.

A forerun of ca. 250 g. was collectec, in the second reueiver (C).

SThe tirst receiver (B) was then cooled to -5' to -l00n. with an

ice-NaCl oath and the main fraction collected in it, It, & typical
distillation# the various fractions gave the following auausia

forerun, 97-9% H202j mAin fraction, 99.3% H•0•j residue 99.5% H202.



IV. Assay of H~2.92 SOMp210

Hydrogen peroxide samples were asaayed by titration with rtandard

KMnOij in tha nra~manrn o mvvr U...n. W8-(h

V. Preparationof' Unstabilized HoO_

Unhtaoilized 98% H2 02 was prepared by orystallization ind

distillation of Du Pont 90% H2 02 ac daboribed above, UnutabillseA 90%

H2 02 wal prepared by dilution of unrt auiliaed 98 H0 2 with "deionized"

water,

V1, C._.ductivity Measurements

Two special conductivity c6ll3 (shown in Figure S-3) were

constructed. The electrodes were cast from pure tin (Fisher

Scientific Co., assay 99.95% Sn) and polished to yield parallel
flat surfaces. The circular electrode facts were 20-25 mi" in

diameter and were positioned about 4 m= apart. The electrodes were

set in tapered ground glass Joints by means of tight-fittinri pluae

of "Teflon" tlourooarbon resin, and were connected into the bridge

oircuit by means of "Teflon"-insulated silvered copper wires funuo(

into the upper parts of the eleotrodes, The entire conductivity

app~ratub IA shown In Figure S-4. The constant temperature bath was

maintained at 25.00 + 0.05'O. Oy means of a "Pyrex" &lase cooling

coil through which tap water was passed at a constant slow rate and

an intermittent quartz heating element controlled by a mercury-to-wire

thermcregulator with an eseotonio relay,, Reistantns of the teat

liquid wan measured with a fie-djoad* alternating current bridge

with a"I"mago eye" null point indicator (Model SC 1B, Industrial

Instruments, Inc.).

Ask
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Prior to uno, the glan parLs of the conductivity cells were

cleaned oy tho standard procedurp (dee "Cleaning of 0..aosware'' Guove),

The electrodes were cieaned by aoaking overnight in 90% H2 02, then

overnight in distilled water. The oeals were asaemnbled and caliorated

against I•"3 N KCI. After calibration, the cells weve rinsed at least

10 times with "deionized" water. The conductivity of "deionized" water

was then detormined in the cello before any H2 02 samples were introduced,

Thd :Ples werp dried by drawing air through them with a water aspirator,

The H202 sample wai p3aced in # apecially cleaned glama stoppared flask,

which was plýced In the constant temperatuire bath for 1-2 hour& to

oring the sample to thornial equilibrium with the oath, The required

AMuu,. H202 (35 ml, for cell "A", 65 ml. for cell "B") was introduced

Into the cell with a speoially oleaned pipette, The reuistance or

the sample was determinea as quickly as possible and the pepoifiu con-

duotanoe calculated therefrom. The H202 sample was cautiously poured

from the cell into a large excess of water and discarded. The cell was

then rinsed and dried as above,

Sinoe tho electrodes were movable, care was taken not to change

their position once the cells were calibrated, The cells were period'.-

cally taken apart for cleaning and repolishing (it necesaary) or

electrode faoesj re-asemoled and re-calibrated,

VI. D.eoomosition Ftates

Tho total volume of each deoomposition rlaek and head assemoly

(Figurem S-5 and 8-6) was determined by weighing the contained water,

taking•into account the overlap of the ground glass joint, (Density

of water woo taken to Do 1.00 a./ml.) The volume of the connecting

tubing war calculated from the weignt of water contained In a known

length of the tubing, The total volume of each ansem1bly (Vt) was



obtained by aumination of the volumus of i.1 components. Approximately

500 ml, of H202 was placed in each fra~k and weighed by differen•oe,

'Ph,- rl 0 "1111 ' •MW0 0 nl~rnAH All 4-o"H A f g#? "t'rm 't. nrl. ri hýO, WAd t4 h ý.h& 4 W KOmd

a-oemolies, oonnoc~ed to the ditferentbfl manometerv,, and (aftker

considerable difficulty) aealed,

Note: A leakage problem wae encountered'during the early

stageJ of the firat neries of experimenta. At -600C,

uilioono lubricant railed to sail tho groand &lans Joonra,,

*van though thgy ware spring-loadac. Satisfactory weals

Wart obtained by "doping" the outido of' the Joints with

solurn miliuause Boluteir, When tt-io oudum allicate had

thorougnly dried, the Joints were t•*O:ed under botn

internal and external preuaure. All syltems except one

(which therefore was not used) withstood $9 mm, HI

internal preanura (1"OO0 •., kercuene, full scaly on

manemeter) and 30 mm. Hg external pressure. During

the courde of the experiinentj the differential between

Internal and external pressure remained within these

limits, No such leakage problems were encountered with

the redeuigned decomposition flaska (Pigure 3-6) usqu in

the ieoond series of experlmente.

The refrigerator was aet to the desired temporature and startedl the

manometer stopcooc• were left open until it warn Celt that the enti'e

sy•tem htie reached thennal oqu.iliri=m. Normally several days were

allowed for thermal equilibrations A pressure reading was taken

shortly after the stopcocks wure clcuWd and at approximately daily

intervals thereafter tor the duration of the exporiment. Datk

recorded werei (1) date and time of readingi (2) room temperature in *X,I.,



2- 5 - APRL-IR-66-1 3

(3) refriaerator tompdrtatura(T) in *K., (:.) oarometric premsust (P.)

In mm. Hgj (5) height of kerouani in loft airm of manrcmter (hl) in mm.

(6) height of koroseno in right arm of manometer (hr) in mm, (The AI .... . -,,, .,* w= , .==J .tIt " 'MU ,•J UhJ~L @I.=i= pUl•llJi~iu q MLIU .zi= ]•,J'•

arm connooted to the appropriate dooomposition fraak,) From these

ae8moly (o4uation 2), the apparont part l± preasure of oxylen evolved

• , byi dooompostioln Of 112O02 (equation 4) ianU the appavont ftaot, on of

WI02 decomposed (eqikation 9 or 10).

VIIiMathuds of Calculation

A. Fraotion of Hp~nD~omied

Let Pa - barometrio preasure in nw4, FS

"h - height of Iterusene in left (astmosphre) am of
marnome ter•

hr height of kerosene in r1ght (auaem~ly) am of'

S-ditterence in pressure (mm.Kg) between exterior
and interior or asaumbly

* a preissure (mm, Hg) tnsioe assembly
S(Iquatirn 1) Pi P2 +• AP

(if ?I > Pe*I)P is positivej if < PorjP Is negative.)

T~ikk~nji density of kerosene a 0,800 and density or IL& 1356

j * T (hlhr) V 0,059 (ha-hr)

Therefore,

(Swu•bion 2) P1 a Pa + 0.059 (hI - hr)

, Lo Lt P0 w p&i'ti±1 preasure (mm. Hlg) of evolved oxygen at
satndard temperatiur4 (273.2'X,)

Spreasure (mm. Hg) inp.4-de as.,ambly at rtimt t,P0 *- p.esew•,. (mmes ) n.side assemnbly kt time a',
corrected ýo standard temperatur4

P,*" proessur (Mmm,• InsieC ,ansem•,ly ht timeo

S(aroLtraly¥ chosen) oo.rrected to stand&rd
temperature

__-
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Tt w rfrigerator temperature at tima t.

To ,a I I f " 0,

(Equation 3) PO N * " P *

- where P,* - (t) 27.

and PQ Pio 24 1~i0

Therefore,

(Equation P) Pi~(t) 2 2. P 1(o) 27.

Let Vf a tree volume of assemIbly in ml,

Vt Wtot~al if I

Ve - volume of HO slample (ml.) under experimental
conditi~ooh

(Equation 5) V t- V• . { :

Va W./d. whore W, is the sample weighl ,g.) and do

Is the density (g../ml.) of the sample

Therotfore

(Equation 6) Vf M - We/de

Assumi.ng ds " nhdh + rwdw - 1.71 nh + 0.915r nw

whore nh and N are the weight tractions of H202 and

water,, respootively

dh and w are the densities (g./ml.) of solid

H202 and ioe) -ropeaotively

Then

(Equation T) Vt " "V ., w/(l.Tl nh + 0.91

let FI - fracioen (in ppmý of H202 sample deoompomed

" o - mole4 02 evolved

Sis,

S, , ~~ ~~. . .. •,• .;'-.. •

S. ... . . . -:. . : . . : - :, . . . ..,-- - - - .

S,.- . .. . . . . _ _" _ ' L..:. .. .. ...
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Mh -moulu H02 0 A.n uriginal nample

VBp - volumo of' 02 evolved itt utandard tempetrature

(273.2"K) and Iremsure (760 mm. Hz)

Since 2 H2 02 -- > 2 H2 0 + 02

(Equati.on 8) F 2OM1 0 6

Since Mh - nhWn/34,02 (344.02 g ram moleoular weatkht of H202)

and M - VGp /22j400 (22,400 - gram molar volume of 02 in ml,)

where V*tp = V1 (p0/?60.0) - V P,/760,O

Mo i Vrro/(760.0)(ý2, 400) - VrPo/1.702 X 107

By subtlt'itiaon

(Equation 9) p , 2(34.02)(l06)Vp•- 68.0 .VfP 2.,997Vr•o
(160)10)hl 7.02 Vs,0  fhWg

By oollecting Oonutanto

(Xquation 10) F a KpQ

where K - 3,997 .Vf

flhWG
NOTB3t ., Equation 8 assume& that the deoomposition rate is su

smali. that the H2 02 oonc•n•t~ras on remains constant,

i.,,.j the deoompomition reaution is pseudo tero order

-kn 11202.

2. Thse ntire volume of7 San waa aatumoc1 to be at refrigerator

tempwivature1 althouih tlaio &a& in the capLlltry tubing (oa.

3% of the total) was at ronm temperature (293,7-297,76K)

during the experitnent, We wouAld expeot only a relatively

small error in oxygen parti•al pressure from this aseumption.

• 3. No oorrectiln was made for' oxyGen solut,.lity in solid

SH202-
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B. Rates of Decopst ion !

Rates of :lecomposition were calculated froin the integrated

zero-order rate equation -,6Eh20 2 •- k At by the method of least

squares as follows. The above equation is of the type y A j

Letting x -At and

y E1 - 4H2O23

# the rate constant"(k) ia given by

(Squation J.1) a - k - -ACH 2o2 ]

At

Applying the least squares methcd a (-k) is given by

(Equabion 12) a - Ex

C. Calculation of Standard Deviation

The standard deviation (1ý) is calculated as followat

(equa~ion 13) y 0a&e. - ax where y cal. ib the calculated

vaiue of - AE2021 for each value

of 6t.

(Equation 14)Ay = y obs. - y oalo. where y obe. is the

observed value of -AH 2 02 ] for

eaoh value of At,

The standard deviation (6) is given by

(Equation 15) 4(y where N is tne number of observationsea[--N -• )
of &CvH2O3J
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TA3LE S..l

SPECIFIC CONDUCTANCE OF H202 AND DEMINERALIZED H20lI
Conductancea

Substance Description Micr.mnos -

H2 02  Commercial 90%, as reueived

H2 02  Commercial 90%, after concentration ty 5,0

crystallization

H202 Purified by crystallization aAd single 2.1
distillationb

H202 Purified by crystallization and single 2.7
distillationD, stored two weeks

F20'2 Purified by crystallization.and single 18

"diatillationC

'12 Purified by crystallization and double 1.2
distillationc

H2 0 Freshly deionized 0.3

120 Deionized, stored 2 hr. in Pyrex gla3- 0.4

H2 0 2 wk. " " " 1.7

(a) Reported conductivity of purified X2O2

0.82 micromho at 25"C. - SchUmb, Ind, EnS. Cem. 4_1, 992 (1949)

<2 wicromhom at 254C. - Cotnoertson and Maan, J. Am. Chem, Soc.
52, 484 (1930)

0.39 miorOmho - Both and Shanley, 11d. EnB. Chem. ,
2343 (1953)

(b) 1 millimole NaOH added to 22-mole H2 02 charge.

(c) 4 miillmoles NaOH added to 22-inole H2 0ý aharse.

I
[
i

p- - - - - - - - - - -



- 30 AFRFL-'O-AL

TABLE S-2

DECOMPOSITION RATES OF COMMERCIAL H-P_

(FInST SEVIES)

Sape IMnfo epbSpecific Aqueoua XCJ. Ik Observa-
ample % Manufac- Temp,b Condu'tance, Hquivalentc PPM/ (e t ion

Numbe H;0ý turer C. Microimhoa PP. Dav n- IC 3mdni

1 90 A -30 16.8 8.5 0.5 6.4 None
0 3.3 6.3

2 90 A -30. 15.7 8.0 2.1 6.8
4.8 4.4tII

3 90 A -30. 17.4 8.8 0. . -
0 3.7 1 At.1o

*4 98 -30 15.1 7.7 0.4 5,7 None
0 .j1.5 A

5 98 -30 16,9 8.6 0.2 3.5 4t-6
0 0,6 1.2 At,•-0

6 98 -30 18.6 9.4 0,2 4,4 At-6
0 0.6 1.4 at=4,t=10

,90 'a -0 12.5 6.3 1 5. &t6

t aa90 ee-a0 11.5 5.t 0.0 a , n"l 0

10 a -30 15.5 7,9 4.3 " t. A

k~~~t3 1;temto o at a.2. A 3Crtso 0.6 p6m.6 o

0o,5 3,7

&The 98r Mf wds o btulbtaia from asn atle ma0,Auao f0rer. T pmd 90 o H202was ott!ained fror.. three manu~facturer"s, Aaiinatced A. 3 ý%nd C,

DAWI•a tempsraturie ranges w7ere -33,3%C. to -27.0%., ha nominal -30"C.,

and - d,6'C, to -if- 2.2C. oH. nominal O'C.

rato •'e•t, in parts per million oq an aqueous KCt iOlni.;., with
the oam e specific c-onductance &a the H2O2 sample -

moreutha*n from the obsevgeatio aero-oreor rat e enuataon, <r H20a
kui by th@ method of leat• vui•. The Ar -3O0c., repet oe 0.9d 'm/Ay or
leis ore o.f doubtful significance; at O*C., rates of 0,4 ppm/dpay or less

ar'e of dQubtf•ul e.isnifioanue.

18tandard deviation of obeiryed -<H202: from -&&020•a~lckilated from'

rate equation.

fi£ th•e observed -<H20ý dltffered :rain the calculated • ••b

more than 26", the observation waa rejeoted and• k and d'reoalculated•

using the remaining obeerviati ona. The proessl was repeated until

no calculAted value of -0H 202J differed from the observed value by mor*

than 2 .
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SAMIS erm. oseraton Conductanceil
Number H222 manuraotureb 6C. k0 O 'dy6 Dia'oard~.,d_ Micrq~oxu

198 7 -6 !-C 77 1.8
.60 0.3 2.30.

.30 0.3 3-7
0 011 0.3

4 90 -60 .1.0 4.6 '3.9
.6c 05 2.8 ate not, f.

.30 fl..9 31 None

5 90.6 . 25 5

6 go - .6c 0.2 2 4.
-30 C. 3.

0 1.7~ 3.6

7 90 3..60 0.2 1.7 12.2
.30 o.'4 3.5 I

a 90 a.6o 0.4 2.0 1.
-30 015 3.1

9 0.60 0,3 2.2 1.
.:30 -0.1 5.5

0 0.2 ;t 1%

10 90 0 *60 0.3 1.5 ý4t W7 12.8

11 ý A .6u) 0.2 1-4 At"7 16.8
.30 .0.3 5 Nn

0 3,5 7.3
IV 98 .6o 0.4 2.0 1,

-30 -0.6 0.6

SAqW&a1 temperstture range# were -50.4 to~ -62.2%. at tivminal -60%.j 4a6,3
vo -33.3%. at nominal -3000.1 -ýIi0 to -11c at nc'ilna.. 0ok.
bIam *1a 1, 2 aind 3 were prepred~z *y tz'actlonal orsaia~.1tien and die-

tlalti.n or Du Pont 90% H202; @AmPlirn ý, 4 and 5 wave prepa~d by diltt±or
or fractionally a rystal1iued and disa,,111ed Ha0 2 wi.th 'doit~n1'4sq water,
The r9~maininI; samples were c~fer*ci 4 H 0 torMQ~iN~.U1 9(% 14~02 w*9
al.Applio Oy throor~a~~ea devignltd A 3 and ~

0Oal.cu.lted traln 1rtogratsa 14eru-ordor i-ate %iuation -A ' L02 -K~
by the mesthod of 1qpkst ISQUarOIN At '30" :111 raria 0.T p, V
dry v.r less are of (.oA~tfu1 #Ngr.1tiotnoan ut 0 ,ý atoo a 0!. 02 pM.
or less Lr~o Qr dou~tfvl iij1±in.1fomo.

dStan~da*.d dev±~t1on of axperimentelly uvarvol.d YV31'ýCts at -CHN 2 04
from the calculated vtl~u3i,

*00bsorvations were di cardad L±: ýhvy f rom the oialacalated
.4 :H20p] by more then 76.

r'Smnond v~luo of rate conatunt wasn dwturmnel1 by tatidins the Ieooond
rathe'r M~an~ We in.t.1al manomoter readings AN svpý ti.me (AtinO).1-tmie ; t Ond of eJxpev~iu~nt.
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SECTION 1i - SURFACE 1NEPT TO HIGJi STRENGTh H2 02
AND DECOMPOSITION MECHANISMS OF H2 02

Inrtroduc tion

Th-- ........... i vLL eU::i1; nydrogen peroxide

I-depends largely on tha ingt'ire of thea con4-41- J-A A." W&AW .A

stored ar.nd the concentracion of adventitious impurities prevent

in solution or in euspension. Empirical studies on container

materials and additives during the past 50 years have produced

a variety of techniques for passivatLig container surfaces and

decreasing the activity of catalytic ions present in solution.

It is the purpose of this study tc examine the reaction

mechanisms of hydrogen peroxide in order to undersitand the

basic chemistry involved In hydrogen peroxide-container inter-

actions and hydrogen pproxide-catalytic ion inter actions.

The experiment.al program developed to analyse these

reactions included:

(a) leoetron span rnsonance studies on floring

solutiLons of hydrogen peroxide rapidly mixed

with a catalyst,

(b) Optical aborpt.on studLes on flowing .solutions

of hydrogen peroxie rapidly mixed with a

catalys t

(o) Attenuatod total reflectance studiis on

surfaces exposed to high strsgth hydrogen

peroxide,

SaI , s •d'I iid ,
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(d) Gasometric analysis of high straer•th hydrogen

peroxide oolutiona at elevated tamneraturas.

(a) Photochemical initiation studies on hydrogen [ z

peroxide solutions with additivesp and

M(f) Alctron irradiation of container materials.

A brief review of the current literature regardin&g

hydrogen peroxide and the int~ermediates formed during t'he

deacmpositiL'a reactions is presented to form the basis for

understanding the reaction mechanisms. The transient free

"radicals generrtod during the decopousition process are

hydroxyl (-OH1) and perhydroxyl ('0 2 H) together with their

ionized forma (.0" an%1 "02.)

The bond dissociation energies of the prmncipal

species present in solution are shown in Table Is In Ho,

H202 and -OHO the H-0 diesociation enar~y is 100 kcal. or

greatar which indicates high stabiLty toward rupture or

chemical reaction involveng that bond. The weaker bonds

as ;ndi:atad in T&ble I are the 0-0 bond in 202 (56 keal.)

and the H-4 bond in H02' (36 kcal.).

The electron affinities of 'OH, H02" and 02 are

tabulattd in Table 11. These values indicate that both

.OH and HO2' aie powerful oxidizing agenLe and that.02"

can act: as a reducin3 agent by supplying 79 keal. It is the

-- - -- -
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redu•,ing power of'O2 which leada to the chain reaction of

hydrogen peroxide.

The most thorcughly studfad metal ion catalyxe4

decomposition reatioi. of hydrogen peroxide has been Zarried

out using the ferrous-ferric system, The energetics of the

individual steps involved have been compiled by UriI and

are presented in Table III along %ith the known rate constanti.

The ratio of k6 /k 7 was iound to be 1.0 at pH 2.6 and decreased

at lower pH vcluvs 2 (probably due to protonation of.O2 ")'

Since most of the rate constants for this partial series of

reactions are as yet unknown, a more thorough discussion of

the kinetics is not warranted. One of the main problems in

a discussion of transition rmetal ions is that the free ion

is rarely present in solution. Instead, there is some form

of complex wlth the solvent or anions in solution. In the

ferric-ferrous system, for example, the coordinat.,n number

is 6 for each ion and may include watert hydroxyl ions and

other anions in solution. If each form is the hexahydrate-

then the system would be well characterized by a single j

redox potential# but this is unlikely.

The acid-base equilibr•um involved in Vydrosan

peroxide reactioniis excluding metal ions, are reasonably

wall established. Theme values) shown in Table IV), indIocAte
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iL.r. /.% *O . g .. .. 3 " °*;• j ', !-2"- ,",• \ --O" • . ,. .. , . ,a,,rn n

fomj elf -0-; H02l -02 and H-3- need- ý, 4 4a

(b) in neutral solution HO 2, is largely ionized, and (c) in

strongly hasic solutions -ORi, H0O and
'~2"P 2 '~H 203 are at

least partially ion LZed. It is obvious that these equilibria

lead to a muiltipýAcity of reactions, few of which can be

neglected.

One example will serve to illustrate the proliforation

of competing reactioni upon ionization, In basic solutions,

tho hydroxyl --adical ionizas to 90" anu H followed by the

reaction ot .0" with 0, to gi'va the ononide ion) 03-. The

series of eight rgac,.one shown in Table V explain why there

have been roport. in the literature og •a•lUntn ozonr in

peroxide solutions.

To acudy the reautlon mechanisms of hydrooen peroxide,

it is necessary to generate NufticientLy high concentrations

af thn interudiatos for observation by some analytical

techniques Pulna radiolysio. flash photolysis and rapid f.low

systems are ourrantly produiing valuable data ou these systems*

A sumary of the t•'ansient4 observed im pr6nented in Table V1,

some of Lheir mosot Important rate oontmante in Table V114 and

opclul absorption data in Table V1.LI

-A
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The hydroxyl radical is one of the most reactive

chemical. species known. It can abstract hydrogen atoms or

electows from virtually any organic or inorganic comound

to form a bond whnse energy is over 120 kcal./mole. In hiah

Straugth hyd-.ogsn per~xide solutions, practically all hydroxyl

radicala foraid by any mesas would react with hydrogen peror-tda

(k - 4.5 n I0 M-'gec-1) to generate the somewhat less reactve

jpe-rhydr;.x1 radi--al.

-,Jnt, in 'Addclfon to hyd•.,•n 'roxido, there are

iunraanic aridl/or Organic adiditives i ~t, on the chemistry

can beco~s nuoh vre complex. ebtlij Z). ptants the rate

conettat Zor the reaction of ihydr,,%yl rdcalm with the halide

ions uJ, rr" and I%. MTo reaotiou with t 'he flxuoride ion is

(2) -OH X' ~OH
1 ' I

(where X 0 C1, Dr or 1)

proedio'tsd or has boon found, The reLtitiou of hydroxyrL radi.oali

with Q%,jojid. Lons in very sensittv. to p4 being alout

dif fuan Gonrolle?, tn %:.Li solution and aevqtav ords, of

mapicude mlcwv L na•utral solution.

'It
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Only a few studies have been reported so far on the

oxidation rates of aetal ions by hydroxyl radicals. These

are shown in Table X and indicate very rapid reactions with

such ions an Fe+ Fe(CN) 6 +4. Sn+, TI+I and Cec3. Inor&anic

anions such aB CNS' O , HS0 so and HSO " are
3 NS N2 HC3 RS4

also oxidized by hydroxyl radicals with rate constants ranging

from 1.07 to 109 HMa RtLI as shown in Table XI,

Whereas the reactivity ;f the hydroxyl radical is

now reasonably well uharacterized, iach is not the case for

the longer lived perhydroxyl radical. The main facts known

i about perhydroxyl aw'e that its pK - 4.5 + 0.2 and t)ý%t the

terminaticn raotionso 3 and 4, have ratt conamnt4 of

(3) Ho2. + H2 02  02

(4) .0 +.0 0 0

5X 106 &nd 3 x 107 -I a'l, respectively. Therefore, in

acid solution having pH - 2 and uoncentrationa of dO2 at

l 'Xl , the lifetimue of HO2' would be about, 3 mooondh. At

the same pH, the lifstize of H02. wovuld be About 3 maea in

M HO 2 ' solutions. AlA reaotions of •O•' studied in

pH reaip.s of 3-7 must also includc oonsiderAcione of the

Jk
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-0." form hint. tho re&activity of HO.' and "0.- would be

axpe('td to differ markedly.

The experimental saudien on the stability of high

oý,reugth hydrogen peroxide are divided into two major sootions.

The fi.,st describes work done on container material-hydrogen

peroxide interact:ions and the second on reaction mechanisms

)f hydrogen percxide deuomipUofitin,

A. Container Material-Hydrog-en Peroxide Ititeractions

The ideal container material for high strength

hydrogen peroxide should have a surface which in no way

contributes to the decomposition of the hydrogen peroxido

container therein. The best candidates having inert surfaces

ar.e metals which form a continuous insoluble oxide coating,

glass in which catalytic sites have been passivated, and

plastics having no reactive functional groups. From these

groups, aluminum, pyrex glass, polyethylene and "Teflon'4,

were chosen fcr detail:d study with respect to stability

toward 90% hydrogen peroxide.

1. Aluminum - High purity al.Irnum (99.6% or greater)

is conaidered to be one ,f tbe besc cor,nainer mazerials for

high strength hydrogen peroxide. The normal zreatment prior

to use includes washing, oxidizing with niLri.c acid, steaming

to zeal the oxide pores and rinsing wIth high acrcngth



hydrogen parogide, In order to maintain louj; term nstAbilit,

the oxide co.,ting formad in this manner should not be weakened

on atnding in qonta-t with the peroxide.

A typicAl aluminum composition used is Type 1060

wk.ich hao impurity limits of 0.25% Si, 0.35% Fse 0,05% Cu,

0.03% Mn, 0.03% Mg, 0,05% Zný and 0.03% Ti. Although the

impurity levels appear to be very low, only a trace of iron

or copper contamination in the peroxide could cause considerable

catalytic de.-omposition.

The resi.t~nce of a passivated aluminum 1060 aStface

was tested in the following manner. Small strips oZ aluminum

(1/2" x 2" r 1/32" thick) were exposed to nitric &cid, then

dyed b:r immersing in a hot aqueous solution of "Pontamine"

Fast Turquoise 8GLA, then sealed by exposure to steam for

1/2 hour. The blue dye was added as a tracur to follow the

condition of the oxide film. After a final wash, the test

strip* were exposed uo 90% hydrogen peroxid at 66*C. Ten

iAiaUtes exposurw oa the passivated aluminum to the hot peroxide

oolution caused complete bleaching oZ the blue surface.

It is apparsnt that a surface treated in the usual

manner tj not completely sealed. The additive may be free

to migrate out, the peroxide may diffuse in and destroy the

dye, ov both effects m•y be operative, In either event, •n

i
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extennive study on the naturu ot the oxide coating on alumlnmi
cuntainerx would bu raquizuu Lo ,lvanrmnen &Liu rAL6 C. Mmu

A series of high purity aluminum foils (99.45 -

99.9997. AI) were exposed to 90% hydrogen peroxide at 66*C

for t1imes up to 300hours. The degree of surface attack on

these samplas was studied by Mr. N. A. Nielsen of the Du Pont

Znginearing Department using optical and electron microscopy.

Results of these studies are reported in Appendix A.

Two routes are availabIe for increasing the

acceptability of aP minus containers, One method is to use

higher purity aluminum, and the other is to increase the quality

of the oxidizing tvft3.ment.

2. Pyrex: Glass - P•nx and quartz are regarded as

excellent container materials, . thoagh in some cases the

possibil., y of breakage may presero, a problem. Surfaces of

these materials must be scrupuloual cleaned as in the case

of aluminum. Washing with hot nitric %cid and distilled water

follow;ed by a rinse with high swnength hydruen peroxide

usually provides a passivated surface,

Data taken on tht decomposition of 90% hydrogen

peroxide in a passivated and unpassivated pyrex bottle are

presented in Figure I for comparison with "Teflon" FEP containers.
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The valua 6Lf 1.0b7 d-c•upoiiLion per week at; 66'% for a

pausivated container coinpares faorably with the rate of

1.0% reported in the literature.o y

3. Po:lye.thylene.- At room to:erat~ure, polyethylene

hao a very high rating for compatibility with 90% hydrogen

piroxide. However, at its raeltinZ point, a detonation

reac•,ion occurs. ,

"Analyses of the surface of polyethylene samples

were carried out using a Wilkx Modal 12 doubld-beam itterral

reflection attachment for the Perkin-8Lmer 221 infrarad

apectrophotometer. Use of this instrument, shown in Figure 1,

allows film samples to be altertately exposed to high strength

hydrogen peroxide solutions and than analysed without altering

the surface. Figure 2 shows the equipment used for exposing

the film samples to 90% hydrogen peroxide at various

temperatures. The holders are constructed atuirely of "Teflon."

The relative rate of attack of polyethylene by 90%

hydrogen peroxide at 50C and 70*C is shown in Table XII. The

results indicate a very strong temperature dependence for

-1
the growth of the C-O band at 1050 cm and the C-O band at

1730 cm 1 , and a somewhat slower raoe for the C=O band at

1640 cm 4 and the O-H band at 3400 cm 4 .



A comparison of the rate of oxidatio;, 5f lirear &0l,

branicht'd polyethylene by 90% hydcoaen peroxide at 700G war

also aarried out by attenuated total reflectance (AMT) a•aysis,

Data presented in Tables XIII and XIV show that the free

oarbonyl at 1710 cm"1 which forms readily in branched poly-

ethylene is completely ahsent in oxidized linear polyethylene.

Infrared aboorption spectra ttkan on the film samples

showed no C-O, C-O or O-H absorption lmdicating that the attack

wag, in fact, onl.y at the surface of the film sample. In view

of the mechanism of hydrogen peroxide decompohition, iu is

expected that attAck by hydroxyl radicals would start• the

oxidation of polyethylene. Continuad oxidation can then occur

at the functional group leading to a rapid chain reaction.

Therefore, polyethylene containers should be considered

unsuitable for high st angth hydrogen peroxide at elevated

temperatures.

4. Fluorocarbon Polmers - "Teflon" films were studied

using the sama ATR equipment and exposure technique described

for polyethylene films. Exposure of "Taflon" film to 90%

hydrogen peroxide for 500 hours at 706C generated no change

in the surface composition observable by ATZ analysis.

Similar studies were carried out on an experimental

perfluorosulfonic acid ion exchange membrane. As shown in
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Yiguro 3, thara in u jrowih of u carbonyl bend at 1630 rm

and a hydroxyl band at 2400 cmrI attar 2 hours exposure to

90% hydrogui. peroxide at 704C. The hydroxyl band is due

principally to tie absorbed water in the membranop but the

carbonyl, absorption indicazes definite oxidation of the

polymer.

Although perfluorocarbon6 having functional groups,

buch as sulfonic acids, may be unacceptable in contact with

high strength hydrogen peroxidu at elevated temperatures, the

unsubstituted materials appear to be exceptionally stable.

Quantitative studies on containe•ra fabricated from "Teflon" FEP

do not appear to have been published in the literature. For

tnis reason, "Teflon" FPE bottles were obtained for comparison

tests with pyrex ind aluminum containers.

Figure 4 shows the rate of oxygen evolution from a

383-mi sample of 90% hydrogen peroxide in a "Teflon" FEP

bottle at 660C. The rat4 observed was linear for the period

studied (5 hours). The constant temperature water bath together

with the apparatus for measuring the oxygen evolved is shown in

Figure 5. Also shown in Figure 4 are the rates of decomposition

of 90% hydrogen peroxide in an unpassivated pyrex bottle, a

passivated pyrex bottle and an irradiated "Tefloa" FEP bottle

(dnse 1.3 x 10- 2 kcal./cl 2). The expe:imental setup fur
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irradiating the "Tflxuj" FEP butLA.e with 2 Hav eleotrons from j
a reoonant tranxformer is shown in Figure 6.

The decomponition rte dtLa is luu=rized in Table XV

for a number of aluminum alloys, pyrex &aid t1,'1flnn" ISP

Hydrogen peroxide in the irradiatea "Tfiflon" YEP container

has approximately one-third the decomposition rnte as that in

a passivated aluminum cont;ainer.

Add. ional irradiation oxperimneri~ were run on

"Teflon" FS? to detirmine the optimum coiiditiits for improving

the stability ýor the hydrogen peroxide contained therain.

V?.guve 7 iidLcatmo thhat the initial irradiation (1-2 -inutes

a: 0.5 mA) gives MM: of Lhe improvement in arability )bserved,

At low doies of irradiation, the physical propertion of "Teflon"

FZ? are not changed s.?nificontly but at high doses (6.6 x 10-2

2
kcal./cm ) the plastic changes to a very brittle structure

(see Figure 8).

To determine the feasibility of retaining the

stability and the physical strength in the low dose irradiation

experiments, a ceares of "Teflon" FEP filmb were studied. As

shon in Table XV1, dose rates of up to 2.0 V 10-2 kzal./cm2

in air at 40'G result in films which are still very pliable

(> 300% elongation) and tough (13 ibi. break strength for a

I" wide film .005" thick).
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Vhi .ffct of y oxvioti atd watur vap•r on the irradiation

vi. di'ability wau chatcuizad by irri&diating a number of

1O0-ml "Teflon" PEP borLlea indar controlled conditions. The

elim"inion of 'oeh oxygeA'i and water vapor was accompliahed

u4ing a dry argon purge durirkg irradiation at both room

temperaturo and 230%. Decomposition taest after irradiation,

shown in Table XVI1, indicate very small changms with domes

of 6.6 x I- and 1.3 x 10- kcal./cm2 . Tho effect of oxygen

in the abience of va;er vapor was carried out using a dry

oxygen purge during irradiation. A dose of 1.3 x 10-2 kcal./cm2

gove an enhancement ot stability from 1.5% decomposition/week

to 0.48%. The effect of wate;' in the absence of oxygen was

determined by filling a bottle wiah degassed water. A dose of

1.3 x 10-2 kcal./cm gLve an enhancement of stability from

1.8% decomposition/woek to 1.1%. An air purge gave results

tissentially thi same an an oxygen rurg,) during irradiation,

Th•se results, which are summarized Ln Table VZII, indicate

that a low dose ot blectron irradLtiun in an oxygen atimosphere

at room LeanJoraturs produces the maximum degree of stability

tor 90% hycrogen paroxide golutions.

B. eitgon Meýhanisms of Hvdrocn_ Plroxide Decomposition

It has been well established thta pure hydrogen

perouida ia a very stable material. Therefore, the decomposition
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&t~udies require an initiator to retrt tht chain reaction. This

initiation stop may inivolve [,) a rsducing agesnt, (b) an

oxidizing agentj (c) ultraviolet radiation, or (d) electron

irradiation. These initiators laae to the follvowing series of

reactionst

(5) H+. + y02 - M,(x + l) + .OH + OH_

(6) M +X + 0 2 M+2 M HO H 2

(7) H2 02 0 2 .OH

(8) H 202 s OH" + "OH (. other fragments)

Experimental studies were carried out on a model rsducin3 system

utsing titanous chloride, a modol oxidizing system usin5; oaric

salts, and a photoahemical system using 2537 A irradiatiion.

Each of these reactions aids in the understanding of the over-all

reaction machanism.

1. Titanous Chloride-Hydrogen -Peroxide - RapicL ravin.S

flow cells were constructed to study the reaction of titanous

zhloride with hydrogen percxide in an electron paramagnetic

resonance (EPa) cavity. An early design was made of "Teflon"

as shown in Figure 9 but was later substituted for quartz of

39the type described by Borg. The first observation of a

free radical intermediate in this reaction was by Dixon and Norman40

I-
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hydroxyl radiaLi, Usingn the manin roAgaanta •1.i _. .- 4

observed Lwo lints which they &&signeid to )10,- (low fi~ld) "~d

O0R (h••h field). These rada.•1a are thought to ax.ia iOtly

'from rsiact.Lou 5 and 6.

(9) Ti"3 + .H 2 02 .6 ,OH + OH- + TV 1

( -O) U+ - 2 " HO + 11 .0

Hocwever, thame early workers did not Qo~ea.er the

followiag faaturex of this re•ri:on schoeme

(a) Since the rate of raotiun of -OH~ withNO

is 4.5 A 107 M ,1 # I j the lifetime of free

.OH in 10"2 x H'C2 would be extremely shot.

It iL probablo that a cou.lex of rbe O1i Li

formed initially with thg tita4.um ton to

increaie its lilet±~ca in s~tn,

(b) The interfaring reaction of chloride Loue with

hydroxyl radicalb in a.cid solution iou,1d lead

to a series of radicals based on 01, reaotions.

(a) Since the pK of Xi02  4 4.5 t 0 .2, t~he ioniaLtin

of HO2 " ca not be neglected.

S. . I I III| | || |
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Tho effect of hydrogen ion concentration on the high

field absorption is shown in Figure i1, At high CH+J, the

hiah field absorption nearly disappears, giving only the

single low field line observed by Dixon and e ran.40 Figure 12

shown the affect oi hydrogen pQroxLdo concentration on the

high field absorption, in which there is a linear increase of

intensity with respect to thc square root of the hydrogen

peroxide concentration. This dependance would be expected

from the following series of reaction& involving the euperoxide

(9) TL +3 + Ho2 - ,OH + OH"

(10) ,o01+H -H2 0 + 02,

(11) H0 ' 1 0110 H 2 2"

(12) O0" 2%+ 02 01t" + 02 + ,O

(13~) -0 2M +~ Ha0 2 M H20 + 2 OHO

Assumling a lsllady state oonaertrat 0.or o*0 2 is atUained,

1poevra rmin on iiseural uolu.iont) where the resqtion

ut hydiawyl wLih ohlorwie ion would noth e expected to tntorfere,
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also gave the two line patterrn shown in Figure 10, These

data, combined with the pH and hydrogen peroxide concencration

studies, suggest that the high line observed is 0 2

and the low field line is .OH (or a complc'xed form of .GH).

Stopped flow studies on the titanous chloride-hydrogen

peroxide system were studied by incorporating a fast cloe±ng

(100 msec) valve at zhe exit of the flow system. Figure 13

shows the growth and decay observed in the reaction of

1.3 x 10-2 M TiCl 3 with 1.3 H H2 02 . At point A, the flow was

started by opening the valve. Solutions of equal proportions

were mixed at % combined flow rate of 300 cc./minute. The

maximu= signal for a steady Alow was observed at point B,

approximately 50 msec after the valve was opened. Closing

the valve (point C) caused a further increase in signal level

to point D, The transient radical concentration then decayad

to one-half of its maximum value in about 200 masec.

The observed kinetics of tho reaction are governed

almost entirely by the initiation step 9, whose rate constant

i 1.5 e . Both the propagation and termination

reactions have 'rate constants from 107 to 10 9 1 sec"I as

shown in Table VIZ.

K,
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A large nunber of flow experiments were run with the

analogous ferrous ion reduction of hydrogen perox:ide described

in Table III. This reaction, called Feniton's reagent, is the -

classic techrJque for generating hydroxyl radicals in solution

for reaction with organic material-i. However, even under

optimum conditions of high H2 02 concentration (> 1 M) and

low ferrous concentrations (< 10-3 M), no transient radicals

could be observed.

The effect of added ferrous ion on the hydroxyl

radical signal in the Ti+3-H2 02 system was studied by adding

ferrous sulfate to the titaious solution. Concentration of

6 x 10"4 to 6 x. 10-3 M Fe• 2 in a solution of 10"5 M TiCl 3

reacted with 10-2 H202 solution markedly decrease the steady

state concer~tration of hydroxyl radicals, as shown in Figure 14.

This decrease is expected due to the rakid rbaction of hydroxyl

radicals with ferrous ions (k - 2.6 x 108 M-sece),

3. CerlC Oxida.Ll',.i of Hydrogen Peroxide - The caero

ion oxidation of hydrogen peroxide has long been used as an

analytical method for the determination of hydrogen peroxide in

va,.'ious solutions, particularly those containing organic materials

42su-h as ilconols and ethers. Using a flow system similar to

-that described in the previous rection, Saito and Bielski 9'I0
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observed a single line EPR signal with g - 2.016 and a lie

width of 27 gausb for -he ceric ui£ L•-hygao & ua..."

reaction. Using ceric ammonium nitrate and hydrogen peroxide

in acid solution, Pietts, at al.41 observed a single line

at g " 2.0185 having a line width of 1 gauss. Our studies

confirmed these results and showed very erratic effects

dependent on acid ktrength.

The chemistry of the ceric. ion is dependent on its

particular complex in solution. Ceric sulfatb in dilute

solutions of sulfuric acid forms the aulfato-cerate complex,

Ce(S04)4 4, whereas caric ammonium nitrate is originally in

the nitrato-cerate form Ce(N0 3 )6 -2 The only form ofCa3 of

never observed (contrary to the reactions normally written)

is that indicated as the free ion. Since the reactions of

the carats ions with hydrogen peroxide involve electron transfer,

one of the moat important properties of the system is the effect

of complexing on the electrode potential. Standard electrode

potentials for ceric complexes vary from 1.28 to 1.70 volts

depending on the acid present (HCI, 1.28 V. 11 2s0o4 1.44 VI

HN0 3 , 1.61 V; HCl0 4, 1.70 V). 4 3

To avoid the complex equilibrium of anions in the

ceric coordination sphere, the reaction of the nitrato-cerate

ion with hydrogen peroxide was carried out In neutral solutions.
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A very strong single line spectrum having a line width of about

[ gauss was found which is assigned to the superoxide ion. The

reaction sequence postulated is:

(14) Ca(NO3 ) 6
2 + H2 02 ' Ce(NO03 ) 6

3 + + H02.

i 2 2

Absorption spectra were taken on the nitrato- and

sulfato-ceric complexes for their analysis in the optical flow

cell (Figure 15). Figure 16 shows the effect of sulfuric acid

on the nitrato complex. The broad absorption of the nitrate-

carat& complex from 250 to 100 a4 is converted to that of the

sulfato-carate complex in 1 N sulfuric acid having Cmax at

320 mA. The sulfate-cerate absorption generated from the

nitrato-cerate (Figure 17) comparea favorably with that produced

from caric sulfate in 1 N sulfuric acid. The ahort wavelength

absorption at 240 m is primarily due to the displaced nitrate

ion.

Figures 18 and 19 show the spectra obtained on (1)

unreactad, (II) flowing, and (III) final (after complete

reaction) solutions of nitrato-cerate and sulfato-cerate with

hydrogen peroxide. In each case, there were no new tranai~nt

absorption bands observed, and the final spectra were identical

to those of the flowing systems (200 cc./minute).

)1
i4
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superoxide ion with various additives sunh .. _,p.ic

ferric ions. and methanol. Table XVIII correlates the data

taken on these materials added to the nitrato-cerate-hydrogen

peroxide reaction. Methanol, in concentrations up to 3.0 M,

had no effect on the superoxide signal and generated no nvw

absorption lines, such as those previously obc-erved for

-1hydroxymethyl (-CH 20R) when hydrcxyl radicals are present in.

the generating system. Ferric ions showed no effect up to

10-3 X, but cupric ions dramatically decreased the "0
concentration even at the 1.25 x M additive level. Since

the concentraticn of -02 in solutioa is about 10-5 M, thenr

the rate constant for the superoxide reduction of cupric ions

must be comparable to the disproportlonation reaction
(3 x 107 M-I sec'l) ,

Theme studies provide an insight into both the

catalytic decomposition of hydrogen peroxide by copper ions

and the inhibition of the decomposition noted by adding methanol

to peroxide solutions. 4 4 '4 5' 6  The rapid reaction ofcupric ions

with .02" gives confirmation of the reducing power of the

superoxide intermediate. The lack of reaction of methanol with

.02" suggests that the stabilizing affect by the alcohol

functionm through hydroxyl scavenging.
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No evidence for hydroxyl radicals was observea in

any of the reactions so that it is concluded that the reactio~n

of .... .... . .. .. . . . . *5 ,., .-

CIA'4 6Uj)eAl2L.Lue W.LLLL IIyuL:U6UL pt~ruxld.ue " tL lamb 6A LU L; AMC

slower than the disproportionation 8tep for superoxide. This

cor-es about through the ratio of .0 /H2 02 (-. 10-5 M/2 X 10O'1 M)

present in the solution.

4. Photochemical Dissociation of Hydro an Peroxide -

Numerous studies have boen reported in the l.iterature on the

photochemical dissociation of hydrogen peroxide to hydroxyl

radicals and subsequent reactions thereafter. The objectivA

of further studie3 on this system was to convert the hydroxyl

radicals to perhydroxyl using the reaction with excess hydrogen

peroxide and then trap the perhydroxyl (or superoxide) with a

scavenger. This was accomplished using tstranitromethans (TNM)

through the following serios of reactions. :NY" reprosents the

nitroform ion mC(N0 2)3']

(16) H 2O02 + hy (2537 A) 2 -OR~

(17) 'OH + H2 02 - H 2 0 + HO'

(18) HO2' =,02 + H+

(19) .02 + TVN F' " + 02 N 2
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The reaction of tetran!tromethanm with the supero:•idea

ion was first studied by Hetiglein and Jaspert.47 They noted

that the 7-radiolysis o.-' water produced a species (02) which 1
reacted with TNM to produce the nitroform ion.

(a) .02 + (NO2) 4C - C(N0 3 ) 3 + 02 + NO2

Further studies by Czapski and Bielaki 4 8 on electron-irradiatad

aqueous solutioni indicated that neither TNI nor NF" reacts

with hydrogen peroxide above pH 2. This lack of reactivity

eliminates a large number of secondary reacticina which would

be initiated by the cyclic reactions with hyd-ogen peroxide.

Using pulse radiolysis studicao on aqueous TXM solutions, Rabeni,

Mulac and Matheson 4 9 determined the rate constants for the

reaotion of*O" + TNH (k - 1.9 X 109 M'lsac) and HO2" + TkM .&2

(k< 2 x 0) -

The photolysis experiments were carried out using a

low-pressure mercury are with the filter system show-n in .1
Figure 20 to isolate the 2537 A line. A I-er path lanh.-

through 1 atm. chlorina gas plus a I-cm path length through a

saturated nolution of NiSO4 -Co0O4 Lqueoun solution gave an

&baorbance greater than 2 from 320 to 550 m,4. Xn addition to

isolating the 2537 H Ig line, the filters also prevented
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absorpticn &nd possible photolysib of NF" by radiation in tha

Hathar an Paker 50Ulotravtolet analyies of the nitr=oforcm

ion generated were obtained using a Cary 14 spectrophotomater

at 350 V (c- 1.5 x 10

Te quant.um yield for production of nitroform from

TNH In 02 •12.0 solutions was found to be 1..3 + 0.10.

Assuming complete conversion of hydroxyl co perhydroxyl and

trappinS by TNM, the primary quantum yield for photolysis of

is oue-half that Zor nitroAorm formation or 0.56 0.05.

Figure 21 shows botlh tha growth of NF in the early stages of

phot3lysis and the ultimata destruction of NF- an continued

St:udies by Volman and Chan,51 using Allyl alcohol

to trap the hydroxyl radicAls formed durin$ photolysim indLcated

a primary quantum yield of 0.54 + 0.05. The xceUllent agreement

of yields based on both hydroxyl and perhydroxyl trapping

techniquee indicates that:

(a) There ii quantitative conversion of hya.:roxy'

to perhydroxyl and

"(b) Th-re is quantitative trapping of superoxide

and perhydroxyl by tetranitromethane.
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TABLE I

Bond IDissoriatioa -4uziwu

Reaction D cL

"KOH- R. + *OH 1L

H20 - 2 *OH 56

H 2 0 2 - H. + HO 2 '- 102

.OH -H'O 100

U02• R. + 0 2 36
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,,OH + O ' -0" + 11 0 Z1,9 0.-T2 1 3

(2it 0lt + OR* a 1402 + 0 11.6, 6

idaf

(3) +O,' O H'1 P .0• + h 0 4,5-02 702

HA Ba 0 H 20 H 3 0" + P'H 14

(:}) 1~23 + ",03 +1120 9-20 S

I
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TABLE V

( 0) 0 02 03

(2) 03 + H0 h hO3 -.

(3) 03 -, H2 0 2  0 3 + OH + *Oh

(4) 0 3 -OHz0 3 + "OH

(5) 0 '* ' 2 H 0 0i +- "OH

(6) 03" + HO 2  03 + O"l + .0"

(7) •0" + 0- +i L)0 O, 0 + 2. OH"

'(8) 03 0 22 + 0*

I:.
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TABLE VI

Generation and Observation of Peroýxide Fragzents and Products

Species
_Postulated Method of Observation Method 0f obVem;.at-*

h 2 a) Ce+4 + D - EPR 9i0
b) Pulse radiolysis of D - Optical absorption 3

aqueous solutions spectrum
c) Radiolysis of water I - Optical absorption 8

spectra of products

• O2" a) Pulse radiolysis of D - Optical absorption 12
aqueous solutions spectrum

-OH a) Pulse radiolysis of D - Optical absorption 12
aqueous solutions spectrum

b) Ti-3 + H2 02  D - EPR 13

.0 a) Pulse radiolysis of I - Rate of ferrocyanide
aqueous solutions oxidation

0 3 a) Photoly&is of hydrogen D - Optical absorption 14
peroxide spectrtum

H2 04  a) 03 + H, I - Aralysis of 15
decomposition product

b) Glow discharge in water I - Analysis of 15
vapor decomposition product

H 20 a) Radiolysis of water I - Reaction with ferrous 823 sulfate

*Code: D - direct observation of the species
I - indirect observation of thc species

i '*



APRPL-TE-66-13

TABLE VII

Rate Constants for Peroxide Fra.Ments

Reaction k (M oec 1eUf.

.OH + - 202 01.2 x 1010 5

.0 + .0 - 02 2 x 109  5

H3 02 + -.H H30 + 02 6 8

.OH + 2 02  HO2 ' + 2 0 4.5 x 107 3

HO,'. + HO2 ' H2 02 + 02

at pH 0.5-1.5 4.8 x 106 9
pH 1.7-3.0 5.4 x 106 ii
pH 2.0-3.0 4.4 x 106 8
pH 2.7 2.5 x 106 %6

wO~ +0 0~ +.,2 ,2" -02 + 2

at pH 5.0-7.0 3.4 x 107 ii
ph 5.0-8.0 3.0 x 108
pH 5.5 2.9 x 107 17
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TABLE VIII

Optical Absorption Data on H202 Fragmenta

Species' R()___

HO 2 2537 830 + 125 12
2300 (max.) 1250

• 02" 2537 980 : 140 2l
2400 (max.) 1060

-O R 2600 (ahoulder) - 103 12

-4

-*___
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Rate Constants of Hydroxyl 2Rdigaas w eh H1 ogen long

React&n k (-Maec c ) .B:a

c 0 4 x10 9  2.8
0 4 x 10 192
3 2 x 107  19

Br" 0 1.6 x lo0I 18
0-2 3.6 x o010 20

7 1.3 x 108 21
7 1.3 x 10 9  22
7 1.3 x 108  23

1- 7 1.6 x 10 9  24
S1.2 x 109  25

I!
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TABLE-X

- Conscan t_0f_)Ydroxyl Radicals with Metal Ions .

1 3.0 x 108 26
0 > 108 27

1.57 3.2 x 108 28
2.0 2.6 x 108 29
2.1 2.5 x 108 28
1.0 3.2 x 10? 30

F4(CN)6 2.5-10.5 2.1 x 109 31

Sn+2  0.1 2 x 109 52

TI 0.1 8.5 x 109 33

Ce+3 0.1 2.2 x 108 33o34

LI
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TABLE XI

Rate Constants of Hydroxyl Rdic-als with Vsarious Anions

CO 7 8 x 10 23

C! 7 1.3 x 109  23

O" 3.6 x 108 24,35

NO2 " 7 2.5 x 10 36

8so 7 1.2 x 109 23

HSO 7 2. x 109 23

HS0 0.1 3.3 x 107 32

UlI
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TABLE XXI1

Oxid~ation~ of Branched Polyethylene FiLm by907. HIR

Hours Exposure to ATR Absozrption Peaka (oIw1.
90% H20p at 70'C (Reative Abaorbance Va1¼#Ia

0 0 0 0 0 0r;

2 o 0 0,0

6 .02 .02 0 0 .03

29 .03 .03 10,

150 .04 .04 .02 101 104

, 51• .13 v13 ,A$ 14,

it

I.r
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TABUL XVII

Effecr of Electron Irradiation of "Teflon';i FEI Container
on Stabilitv o 0 drogen Peroxide

Sampl. Bittles: 130-ml capacity

Volume of 90% Hydrogen Peroxidez 100-ml
Tomperaturs lor Measurement of Decompoaitio-i 66 4 I*C

fF Rate of Decomposition per Week

T'erOADCnIt of"eln-TBtl &t CS6*C (.7s og total)

(1) Arson purga at room temperature
a) no irradiation 1.3b) 6.6 x 10-3 Itogi./cm2 1.1
0, 1,.1 x 10"2 kca.!./oro2 0.88

(2) Ar on pUritk at 2300t
n) no Lrradiwtion 1.06,
b) 6.6 x 10, kMal,/vi 2  1.09
c) 2.6 X I0*2 kQa!,/m•2  0.97

(3) Air purge at room toparat'..ur
A) no irradiation 1.27
b) 1,3 X 10- 2 ko:•l,•m2  0.45

(4) Ox &on pur0" at 2,Qoa i P.,4:A,
a) no irradiQ ' i'34

Qi 1i j" • /Ol
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TABLE A %V:i

Effect of Additives on Sunaroxid_ Fi Absort:ifon

Mixture Flow Rate, Relative Conc.
Solut--ion A Solution B (ml/min.) of .O,

() " X (,H4 )2 Ce(No 3 )6  0.2 M H202 300 63

(2) 10 m (014 ) Ce(Ioa) 6  o0.2 H F402  35

1,25 x 10-3 M CuSO4

(3) 3 m (1H4)2C6(NO3 )6  0.2 X 1o02  300 62

1.0 x i0-3 M Fap 3

ý4) 10-" m (N•l) 2 C,(o 3 )6  0.2 X H20

1.5 H Hathanol 300 63

( 1) 3," x (,XIi 4 )2C(ro3 ) 6  0.2 H H202

3.0 M Met'•anol 300 63

I
" II I II
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FIGURE I

ATT=INUATED J•OTAL REFLECTANCE OPTICAL SYSTEM

EXPLODED VIEW OF SAMPLE HOLDER FOR ATRI.
I•
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FIGURE 5

CONSTANT UEMPERATURE BATH FOR
907 HYROGN PROIDE DECOMPOSITION STUDIES
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FIGURE 6

ELETRO IRADITIOi OF ROTATING "TEFLON" FEP BOTTLE
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FIGURE 7 9
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FIGURE 8

RADIATION DAN4AGE TO ITvFo'.l FN" FT OTL
(DOSE: 6.6 TO 10-TTL
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FIGURE 10

EPR SPECTRUM OF THE HYDROXYL RADICAL
AND SUPEROXIDE ION
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MINIMUM METAL CONTAINER SURFACE

As a further development of our suggestion dated 12/3/64
it is proposed to explore the possibility of storing small
volumes of high strength H2 0 2 as follows:

The storage container should be a jacketed type with
automatic temperature control of a sub-zero Jacket circulating
medium.

The middle portion only, of the H 02 storage volume should

be fitted with a group of very small diameter electrical immer-
sion heaters. These would be sheathed in 99.6-4 pure aluminum.

1 Precision differential temperature control between the
liquified middle portion and the frozen outer portion of the
stored 11202 would be required. This would provide constant
equilibrium to maintain the desired liquid/frozen condition
with minimum heater surface area and heat input.

The feasibility of this idea might be determined in the
Research Laboratory using water instead of H2 02 at first. In
order to do this, the following is suggested:

a. Purchase several suitable small Aerorod immersion
heaters and thermocouples as required.

b. Install a suitable water container in the "Coldspot'ý
deep freeze cabinet presently used by Dr. Pinkney
in Lab. 206.

c. Fit the above deep freeze unit with a temporary
insulated cover with observation window, etc.

d. Hook up a suitable differential temperature control
system (see sketch FBB-1465) using the Precision
Temperature Control unit now located in Lab, 105
and presently used by Dr. Roe.

Research should furnish adequate assistance as required.
Expenditures for material is estiriated at less than $350.
Time involved for the initial tests with water would probably
not exoeed one or two weeks after completion of the equipment
set up.

F. B. Bjarnow, Process Engineer
Project Engineering Section
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SOLID Hp0P CONTAINER SURFACE

P. C. Hoell

The problem of measuring the absolute decomposition
rate of liquid H 0 at various temperatures requires that the
.H2 02 be contained in a solid (frozen) 3hell of the same
material in order to avoid catalytic reaction with any foreign
substance. Given a means of forming and maintaining such an
ice shell, there remains the problem of heating the contained
liquid in such a way as to produce a still temperature gradient
at the periphery of the container with an essentially uniform
bulk temperature.

Calculations and scouting experiments with water,
whose dielectric and thermal properties are similar to H202 ,
show that advantage can be taken of the great difference in
dielectric loss between the solid and liquid states in a
microwave field to heat the liquid core selectively. For
example, the loss factor for water at 1.5*C. is i04 times that
of ice at -12*C. at a frequence of 3000 Mc. Moreover, the
loss factor is greatest at the lowest liquid temperature
(i.e., at the ice-liquid interface) decreasing by a factor
of 2 at 250C. Further advantages of using microwave energy
as the heat source are that it is nondirectional and is
absorbed equally about the entire interface region, it is
of sufficiently low photon energy not to induce decomposition
by electronic excitation, and it does not involve direct
contact of the lqiuid with any foreign material. In addition,
oecause the microwave field is rapidly attenuated by the
liquid (more than half the absorbed energy is dissipated
within 1-cm of the ice-liquid interface), there is relatively

POH/gad
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a rcdi.'. heat transfer from t&e 2.iquid core and a very
Sbulk .......... h.efoze, ob '.

. n e~xic:l;'.m• •±u a microwO.ve :ven," .bout 200-cc ol
. astxa-:t.ag at 20*', waz birou-;c- oaoi b lock.

* . ,of ice of the na 20ic si-ze x-waincd fo ::n° i a few degrees
below zero. Th-seo 0.-.., however, requires
. h cn•:z the materials used -to enLclose 1:110 112 system and to
r •cfiierate it have ioý7 dielectric 'Loss. Such materials
include glass, quartz (preferred), "Tcflon"'ý and polystyrene
a: stxuctural materials, and liquid diatomic gases (e.g., N2)
-- cerain "'rcons'' as the refrirezant. The use of simple

pazraiins is feasible but probably hazardous.

-t." uint-.or. o•:" 77ui].ibrivni ed~ih

* ecause the microwave energy absorition is
ccccn-tra-tc% ubout Che periphery c c- e .licuid core, it appears
?.:littiitle temperature gradient will " t-Lrou' hout ti

bulk of the liquid. Upon this assurmLt.:;n, the model shown in
!.iure 1 ia taken as a fair representatioa of the actual
geomatry that would obtain and the equilibrium conditions may
Da approximatcd for water by the following computation:

Assuming certain values for the effective vertical
zuz';.-e area of the li:quid core, the effective height of the
core, and its mean temperature, the rate of -heat flow outward
through the "li.uid heat transfer layer" is given by:

I~ ( A a ) (&yI ( NgrNp )
ý 1.9 x L

where

. - "-eat transfer rate, watts

k - Mean thermal conductivity of liquid heat
transfer layer, PCU/(hr.) (ft.) (*C)

2. 0. Hoell/gad
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•,Meax Thicknesi of transfer layer, ft.b-j 0.025 ft.

A of transt-u -if.ercr, t. a

L ea eight of transfer yayer, et.

N - 3 xp 2gg l/,

'•Pr " Cpl/k

P - Mean density of transfer layer, lb./ft.)3

g - Gra'vitational constant - 4.17 • 108 fto/(hr.) 2

47% -Temperature difference across transfer layer,
PI/C

S- Mean expansion coefficient of transfer layer,

S Mean viscosity of transfer layer,, lb./(fI%:.)(hr.)

Cp = Heat capacity of transfer layer, PCU/(lb.' 10C)

Ca n Ngr Range.

0.2 1/4 2.103 to 2.10r,

0.071 1/3 2.10" to 107

Example (Water)

Area of corer 0.4 ft. 2

Height of corer 0.5"ft.

Bulk temperature: 30 0 C

C. Hoell/gad
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Let k (15*C) 0.335 C I .

P (.15*C) 62.5

AT 30-- o*

P (15*C) 1 L.41 iu

JA (150C) 2.76 .-

:i Then
i•N '-" (10.025 s(62.5)2.'" ...:.'' -. 10-4') (30)_(4.17 •106)

,• g•:(2.76) 2.

- 1.4 104

Ca 0.2 n '1/4

2, (0.4 0-. 2).(3) . , 14)(2.76) 1/4
(1.) ;%L2) 1 / L~x 335

3.33

222 watts

The heat transfer rate through the ice layer is given
by:

,i) kjAjAT~j
i 1.9 xL watts

-2.. 1" 3c~I/ga~d
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1.22

where Ae e

k,.- Mean thermal conductivity o2 the ice layer

A -Mean area of ice layer

AT, Temperature difference across ica layer

x. Thickness of ice layera.~

Assuming the external surface temperature of the ice
layer to be cont=Iled by suitable re'-C;igeration to (-100 0C),
Z*.. given the geometry and heat load of the above example
(222 watts), then

A. - 1.57 x. + 0.4

k. - 0.69 (-50-C)

AT 1 100 0 C

222 (0.69)-(100),'..57 xi + 0.4) kIt
xi 0.088 ft. or 1.05 inches

The temperature profile of such a system should appear
somewhat as shown in Figure 2.

P. •.Hoell/gad i

At .achmcnt

2.
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APPENDIX III

Concentration of 90% H2 02 by Crystallization

A. Theory

This discusaton will be limited to H2 02 concentrations above
about 61.2% H2 02 and temperatures above about -56.1°C., which are
the coordinates of the second euteptic in the system hydrogen
peroxide-water (Figure 1).

Solid and liquid phase compos.itions obtained on partial
freezing of H2 0 solutions have long been debated. Some Investi-
gators, particularly as a result cf early work, concluded that
the solid phase consisted of a solid solution of H2 02 -H 0, and
that both solid and liquid phase compositions varied wi~h
temperature. Such "solid phase compositions" are indicated
by the dotted line in Figure 1. This presumed equilibrium
relationship is the basis for the explanatory discussion in the
Becco patent (U.S. Patent 2,724,640) on their continuous
countercurrent crystallization process for the concentration
of H2 02 solutions.
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The weight of more recent evidence, however, denies the
f'ormation of solid so'u ions and indicates that the solid phase
consists of pu• ?102M1). At the same time it is stated in the
same referencel) as a fact that, "except for the most dilute
and most concentrated solu.ions, the solid obtained by the
partial freezing of hydr'sen peroxide solutions contains both
water and hydrogen peroxide, even under conditions encouraging
attainment of equili*brium". This is attributed to occlusion
within the solid of liquid of the same concentration as the
free liquid (mother liquor)surrounding the solid. Attempts to
demonstrate analytically that the solid phase itself is 100%
H2 0j are thus hampered by the difficulty of separating the
sol d and liquid phases. This is true regardless of the
possible occlusion of liquid actually within the solid.

There is no disagresement as to the composition of the liquid
k.. phase in dqui:brium. with a solid -z>•e at a given temperature.

Liquid phase compositions are as shc..:i on the "freezing point"
curve in Figure 1; i.e., as the '•,,....zrature of the slurry varies,
the mother liquor concentration oo.. n "he _- eezing point curve.

In our troach to concen,-cr'z-: by r'._,-. allizat.on, it was
reasoned tz. 2lra'ion •o remove e::cec. ra..er liquor would of
necessity leave 'he crysta~s s-lll wec wah morh er.liquor. The
average "co s:s on of -he filUer cake would thus depend upon
the degree 'f mo . ,r liquor se!aratic:, achieved. In laboratory
trials, w:.'• 2..'ratoron on a f:itzed glass Btchner funnel,
average f~lt:'., cake compositions were in general somewhat higher
than the "so•ha ase compositions" shown by the dotted line in
Figure I. .t ias urther reasoned that displacement or replace-
ment of v.,e z~ocher i-cuor remaining on the crystals with a
stronger liquid phase by a crystal washing step would result in
an effective increase in average H2 02 concentration of the
filter cake.

It was recognized that such a crystal washing step would be
more complex than a simple d.oplacement wash. Fo: the wash
solution t.: be at a higher H1iO• concentration than the mother
liquor on the, crystals, it mts% necessarily be at a higher
"•em;erature. Thus, as the relatively warm wash solution passes
through the filter cake it is subjected to cooling by contact
with the cold crystals, which tends to induce crystallization
from the wash. solution. At the same time the warming effect on
the crystals ter.ds to Induce crystal melting to establish
equilibrium at a new temperature. In addition to the heat ex-
change from the temperature difference, heat will be liberated
or absorced upon crystallization or crystal melting, respectively.

The crystal washing step may then be considered to be a
displaceme-:. wash modified by the various effects listed above.
'he e:.;ena of the modification wil., depend upon the speed with
which t.e actual wash is carried out. In any event, upon
completion c.' the physical act of washing, the above temperature
exchanges will continue to take place until final equilibrium
is reached or unttil the system is further upset externally by
subsequent handling operations.

(1)"Hydrogen Peroxide", ACS Monograph Series, Reinhold, 195j.



-6 - AFRPL-TR- 6 6 -13

The product concentration obtained in a process involving
crystallization, filtration and crystal washing will be primarily
dependent upon the strength of the wash solution and the efficiency
of separation of the solid and liquid phases. Practical attainment
of concentrations within the 98-100% H2 0 2 range depend further upon
the truth of the theory that the crystals themselves are 100% H2 0
and upon the extent to which mother liquor might be occluded within the
solid rhase in such a way that it is inaccessible to the wash solution.

B. Experimental Procedure

1. Crystallization Process

The general procedure followed in the laboratory investiga-
tion of H2 02 concentration by crystallization was as follows:

a. Cool, with stirring, in a beaker immersed in a dry
ice - tri bath until crystallization occurs. Continue
cooling the crystal slurry with stirring, until the
desired temperature is reached.
b. Discharge the crystal slurry to a fritted glass
Buchner funnel on a suction flask.

c. Apply suction to remove "excess" mother liquor.

d. Release vacuum (to permit complete coverage of filter
cake with wash solution) and add wash solution which has
been pre-cooled to about its freezing point.

e. Reapply suction to draw the wash solution through the
filter cake and to remove the wash liquor as completely as
possible.

f. Discharge the washed filter cake product from the
filter to a pyrex container covered with aluminum foil.
Let the product melt to insure uniformity for analysis.

g. Analyze product, and intermediate product samples and
liquors as desired, for % H202.

The following notes and explanatory comments apply to the
above general procedure:

a. A stainless steel spatula was used to stir the
crystal slurry. With this exception, only glass equip-
ment was used.

b. At the lower crystallization temperatures used, the
"1slurry" has the approximate consistency of wet snow and
contained little "excess" mother liquor which was
removable on filtration.

c. The wash solution was in general applied incrementally
r'leaaing t,,e vacuum between increments, because of filter
capacity limitations and efforts to handle maximum size
ba th( . E

t. :'trength determinations were made by standard potassium
pcrro' ". rp lb Iration in the presence of sulfuriV acid.

.Iz•, 1a' 3 drops, about 0.]4 gram, weighed to four
KMn0)4 etre.rth was approximately 0,. normal,

,v.. i tit:• 04 0- 5 0 mi.
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APPENDIX "

EFFECTS OF 90 PERCENT
HYDROGEN PEROXIDE UPON ALUMINUM SURFACES

I. Introduction

Aluminum of 99.6% purity is the common material of

construction tor containers whieh are designed fer ieng-temm

storage of liAgh-strength H2 02 . It has been designated a

Class 1 material, highly compatible with high-strength H202

and causing minimal catalytic deccraposition.

The present study has provided an opportunity to

determine Just how inert aluminum of various purities is when

'in contact with 90% H2 0 2 . The techniques of light and electron

metallography have been 'ased to examine surface changes brought

about by exposure to the hydrogen peroxide. (It was not possible

to get reliable data comparing the aluminum samples in their

abilities to catalyze decomposition of the 90% hydrogen peroxide.

This was in all cases minor relative to the dedomposition which

occurred on the glass surfaces of the test apparatus.)

Il. Exnerimental

'Materials used included aluminum in the following forms

and purities:

storage drum for 90% H2 0 2 (99.6% Al)

single crystal (99.995% Al from Semi-Elements, Inc.,
Saxonburg, Pa.)

single ciystal (99.5& Al, 0.5% Cr from Semi-Elements,
Inc.)

2S sheet (99.4% A1)
2024 sheet (4.5% Cu, 0.6 Mn, 1.5 Mg, bal. Al)



AFMPL-TR- 6 6 - 1 3

-2-
ROUGH DRAFT '

foil supplied by the Aluminum Company of
America in these purities - 99.45, 99.86,
99.93 and 99.999%

S;*eoifie exposure conditions of samples of these

materiae3 are eited in the following Diseussien seatieo,

The techniques of examinaticn included those of light

* microscopy, electron microscopy, electron diffraction, electron

probe microanalysis and x-ray diffracticn. Where oxide films

as such were studied (the primary intention with the Alcoa

aluminum foil samples), they were first isolated from the

substrate metal by dissolution of the latter in a 3% (vol)

solution of bromine in absolute methanol.

III. Results and Discussion

A..-O H2_qp Storage Drum

This drum., received from the Memphis Plant of the

Electrochemicals Department of the Du Pont Company, had a long,

but otherwise unknown history of service as a container for

9 ' H2 0 2 . Typical surface structures of a section of the drum
Swall are shown at 250X in Figure 1. The aluminum is irregularly

roughened by pitting and "wormtrack" corrobion (la). Occasional

deeply pitted areas were found and were visible to the eye

hecause of tho associated tail of corrosion product staining (lb).

I-Then polariz - :ghý was used instead of the standard green-

:fVItered light, the presence of the u•t-face oxide of varying

';hIcknes- was discernible (lo).
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This oxide was stripped by the bromine-methanol technique

and examined, both by electron microscopy and x-ray diffraction.

The oxide -Aried greatly in thickness and in continuity. Much

of it could not be penetrated by the electron beam. In Fiturc 2,

however, are shown two electron micrographs of stripped oxide.

Figure 2a shows an area in which a "thin" oxide has replicated

the topography of the underlying aluminum. Mhe intense black

areas represent piled-up oxide, opaque to the electron beam.

The dendritic structure of Figure 2b is interpreted

as an overgrowth of a second hydrated alumina film over the

primary oxide film, probably of a differint state of hydration.

It might represent the formation of crystalline bayerite (Beta

trihydrate) on bbhmite (alpha monohydrate), a sequence of' oxide-

film formation on aluminum (exposed to water at room temperature)

described by HartI.

Electron probe microanalysis was applied to surface

analysis of this storage drum in an attempt to identifi chemically

the nature of the corrosion-staining associated with pits and the

composition of second phase microinclusions. This work was done

by N. E. Weston. His report is attached as Exhibit A. It was

established that the "tail" of the pit does not contain any

unusual concentration of metallic elements ýther than aluminum).

Phosphorous, tin and sulfuur were found associated in the pitted

area. inclusions in the aluminum were rich in silicon. The

findamngs are discussed in the Exhibit.

7!
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In Table I are x-ray diffraction data (interplanar

spacings) of the stripped oxide surface. The patterns are very

complex and could not be interpreted beyond the conclusion that

they represent a mixture of several hydrated forms of alumina.

There may also be lines present due to silieate components.

B. Effects of Metal Purity on Oxide Film Properties

1. 2S (1100) Alloy and 2024 Alloy

Figure 3 indicates differences in the ultrastructure of

oxide films stripped from treated and untreated alloys. Nreated"

here refers to an exposure of the aluminum to 90% H2 02 for ZO hr

at 4__C. In the "untreated" state the 2S aluminum had been

chemically polished for several minutes in a 1000 C solution

consisting of: I

700 ml H3PO, (sp.gr. - 'i)
30 ml 70% HNO 3

120 ml glacial acetic acid
150 ml H2 0

The 2024 Al was left with a mechanically finished surface.)

The oxide stripped from the chemically polished surface

of the 2S sample replicated a fine scale roughness developed by

the polishing acid solution. Exposure to the 90%1H2 02 converted

this oxide into a heavier one of uniform thickness. High magnifi-

cation examination, however, revealed this oxide to be a porous

ma'.ttc layer of hydrated oxide films. The film did not give a

• "tal..ir±• diffraction pattern.

Thc oxide film from the 2024 alloy was initially very

on I L vuctureless except for occasional extracted inclusions,
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it also replicated the initial mechanical finish of the surface.

Exposure of the 2024 alloy to 90% H20a, however, resulted

in a much more rapid and non-uniform buildup of surface oxidation

product as Figure 3 shows. This would be expected from a higher

rate of catalytic decomposition of the H202 upon the 2024 alloy

surface with its 4.5 percent copper content. Thus, any aluminum

alloy surface containing catalytically active heavy metal atoms

'will undergo enhanced oxidation at the site and in the area of

the foreign atoms. The extent to which mechanical blanketing

of the reactive area by oxide film formation would affect the

peroxide decomposition kinetics. is not known but could be
determined by some careful laboratory experiments in which rate

of film thickness buildup is correlated with rate of hydrogen

peroxid• decomposition upon an aluminum surface of knows, and

controlled.'heavy metal contamination.

2. Oxide Films from Aluminum Single Crystals

.99.995,j Al

A chemically polished wafer from a 3/4 in.diam. crystal of

this purity was exposed to 90% H2 02 for ., hr at 80 00. There

was little apparent change in film thickness. However, as shown

in Figure 4 exposure to the H202 did produce some microroughening

in the aluminum surface which was replicated in the isolated

surface oxide film. The stripped oxides show cellular markings

which are interpreted as the result of structural heterogeneity

in the aluminum surface because of the residual cast or dendritic

strv'.ture of the metal.

VANTAM
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b. 99.5% Al - 0.5% Cr

Oxide films taken from wafers of this single crystal

prepared and exposed similarly to the 99,995% Al sample are shown

In the electron micrographs of Figure 5. Again there are backgr-ound
cellular markings present which are believed to reflect the dendritic

cast structare of the metal. Exposure to the 90% H2 02 has left

a fine deposit on the surface which may correspond to a chromium-containln

residual layer developed by superficial corrosion of the crystal

surface. The 0 phase, CrAl?, should be present in equilibrium

with the a solid solution aluminum matrix and may be present in

this residue.

It is not known to what extent chromium would be expected
to catalyze the decomposition of strong hydrogen peroxide. Schumb

et al. 2 state that "as a heterogeneous oatalyst ohromium is not

particularly active," but solution of metallic chromt!2r, and

preferential solution from stainless steel are stated to occur

in concentrated hydrogen peroxide.

3. Surface Changes on Aluminum Foils

Four lots of aluminum foil were employed in this siudy

in an attempt first to determine the effect of purity from 99.45% Al

to 99.999% Al on decomposition rate of 90% H2 0 2 at 56'C (arbitrary

elevated temperature), and Secc dly, following test exposure to

observe what changes had taken pl.:ce on the foil surfaces.

t
This series of tests consisted of sixteen exposures. Fech

lot of foil was exposed.for periods of 16 h'r, 70 h.', 135.5 hr and

0 hh-, in the 66 00 90% H0O2 . Each foil specimen measured 7.o -o•.!!

T 'jAwvfs,l*-
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in surface area and was carefully cleaned and degreased before

immersion in &V ml of 90% H202.

Unfortunately, it was not possible to secure valid data

on hydrogen peroxide decomposition occurring on these samples

because, as stated earlier, the volume of oxygen evolved on the

aluminum surfaces was only a small fraction of the total decom-

position that occurred in the test flask. However, all foil

samples were metallographically examined at the conclusion of all

test periods. Oxide films were again isolated (by bromine-methanol

dissolution of scissored pieces of the foils) and the films examinad

by 4direct transmission in the electron microscope. The remaining

figures in this Section have beer. chosen to illustrate typical

results obtained in this part of the investigational program.

a. Comparison of Isolated Oxide Films

It was difficult to find decisive differences between

electron micrographs representing the aluminum oxide isolated

from the 20 metal samples (including the as-received, control

samples). It was evident that all films were much thinner and

tore uniform than those examined earlier from 2S aluminum exposed

at 800C. TLie lower temperature, 660C, .and the higher purities

undoubtedly controlled the kinetics of surface oxidation and

fijin .hickness growth. The oxide films were not appreciably

.avier from the samples which had 303 hr of contact with the

!i20n than films isolated from the control specimens. There did,

however, appear to be a general micropock-marking present in the

303 hr surfaces that was not present initially in the control

surfaces. Also small"aroas of dark nebulosity probably correspond
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to sites of superficial corrosion with corrosion product buildup.

These features can be seen in the electron micrographs at

84,OOOX in Figure 6. Even at this magnification the topographical

cetall is very small. (Thig May be tater appreciated with the

realization that 1 inch square on the micrographs is in actuality

a square of oxide,12 millionths of an inch on an edge.)

The considerably higher purity of the 99.999 aluminum

did not result in a proportionate improvement in homogeneity of

the oxide film formed on exposure to the 90% HaO2. In comparing

the 303 hr samples, the 99.93% Al appeared to have the thinnest,

,most inherently structureless oxide. The 99.999% Al oxide was not

unique but similar to those isolated fr.m the 99.45 and 99.88% Al

samples. In all cases electron diffraction patterns showed only

the broad, diffuse bands typical of an amorphous material.

b. Surface Topography and Corrosion

Metallographic observations were made on all foil samples

following their periods of exposure to 90% H202. On the basis of

this low magnification examination '(supplemented, however, with

selected surface replicas for electon microscopic study) the

99.45 alloy was judged to have suffered most surface damage in the

form of superficial staining, pitt ig and "wormtrack" corrosion.

Again the 99.93 aluminum foil was found to have changed

least from the control sample of the same purity but to have some

minc-'opits and one large pit around which a heavy layer of crazed

•o•'•oz:Lon product had deposited.
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The 99.88 alloy was stained and contained areas of

micropitting.

The 99.999 pure aluminum showed many initial surface

defects, mechanically induced, which appeared to be areas

susceptible to later corrosion attack in the 9C% H202. The

sample also showed after 303 hr of exposure what were interpreted

to be crazing cracks in oxide corrosion product precipitated

around several sites of localized corrosion.

In all foil samples it was evident that scratches and

mechanical damage to the aluminum surface acted as preferential

sites for pitting attack.

In Figure 7 are shown the control specimen, the 70 hr

and 303 hr specimens of the 99.45 aluminum. Fý.Sures 7b, 'td and

7f are carbon replicas (these and others shown in Figures 9 and

10 were produced by direct carbon deposition and stripping in

bromine-methanol).

Figure 8 compares photomicrographs of the starting

surface and the 303 hr surface of the 99.88 aluminum foil.

Figure 9 includes a photomicrograph of the one area in

which crazing cracks were found in the oxidized surface of the 99.93

a!uniinum, foil. A unique, pit exhibiting noncubic surfaces was found

S.n replicas of the 135.5 hr sample.

i, ';• b ,~
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The surfaces of the 99.999 aluminum samples received the

most careful scrutiny primarily because of the initial expectation

.that this metal, because of its purity, might show least surface

changes of the four under study. The micrographs illustrating its

surface structure show the starting conditions and defects

mentioned above (i0a, 10b). Blotchy areas of corrosion and

pitting were observed in the 135.5 hr sample (lOc, lOd).

SAfter 303 hr a few areas of crazing in the corrosion

product film were noted (lOe) and "wormtrack" pitting of the type

appearing in Figure lOf was found.

. IV. Summary

Under the test conditions employed in this study it was

not established that 99.999 percent aluminum has better resistance

to 90% H202 than aluminum of 99.93 percent purity. Factors which

enter into such an evaluation, however, are difficult to control.

The degree of segregation of impurities can well determine the

incidence of pitting and localized corrosion in different metal lots of

the same analyzed level of purity. Mechanical damage in treating

and handling and slight differences in chloride ion content and

contamination of the exposure or contacting environment may produce

surface changes and localized attack microscopically discernible.

Over long term contact with high strength H20 2 these effects would

become much more apparent. (It must be emphasized that with the

exceyption of the 2024 alloy specimon to the eya none of the aluminum

tcx:t-pocimens in the present stud7 appeared visibly changed.)
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To determine if the surface changes described above are

accompanied by or caused by differences in catalytic decomposition

activity of the aluminum surfaces, it now appears that the 90% H2O0

should contact only the aluminum under test in each case. This

would require a spedial type of Cup-type speeimen or perhaps a

test vessel entirely fabricated out of the aluminum to be evaluated.

I.b

!!I
i1
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TABLE I

Inter lanar Spacings of Oxide from Aluminum Storage Drum

Co(a) Radiation Cu(q) Radiation
0 0

Znonuabty do(A) IntenaLty d%(A)

MW 8.31 MW 8.46

W 5.52 W 5.48
M 4.55 M 4.58
MST 4.08 ST 4.08
MST 3.92 MST 3.95

MST 3.75, W 3.77
M 3.57 M 3.58
M 3.43 M 3.43

M 3.28 M 3.28
MST 3.17 MST 3.18
w 3.00 w 3.02

w 2.89 w 2.88

w 2.78 w 2.81
w 2.70 w 2.72
MW 2.50 MW 2.51
W 2.4o MW 2.42

W ";.24 W 2.34
W .2.14 MW 2.26
w 2.09 w 2.14

w 2.07 w 2.08

MW 2.03 MW 2.03
w 1.78 w 1.92

w i.63 MW 1.80
w 1.48 w 1.64

W • 1.49
w 1.43

N ' medium
S. =strong
S, - W(;flC
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(a) 9,000 x

(b) 14,000 x
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(a)-15,200 X (b) -11600 x ()52,000Ox
AS-POLISHED CONTROL

2S (1100) ALUMINUM

()52,000 x (b) -15,200 x
AS--FRECEIVED CONTROL

2024 ALUMINUM

fl.3 - OXIDIE FIL-MS FROM 23 AND 2024 ALUMINUM
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(a) 4,000Ox
CONTROL

(b) 4,000 x
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(a) CONTROL (b) CONTROL

(c) 303 hr. EXPOSURE (d) 303 hr. EXPOSLURE

99.45 AL. 99.88 AL

FIG. 6 - OXIDE FILM FROM ALUMINUM FOIL
84r000
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99.93 AL 99.999 AL

FIG. 6 - OX'SIDE FILM FROM ALUMINUM FOIL
o;,t. 84,000 x
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(e) 500 x

303 hr. EXPOSURE

(f) 15,200 x
303 hr. EXPCSU'?L

PI7G. 7-- SURrf-ACrF- STR~UCTURE OF 99.45 AL FOIL
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250 x

303 hr. EXPOSURE

FIG. 8- RFA-C- STRUCTURE OF 99.88 AL FOIL
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(a) 250Ox (b) 250 x
CONTROL 135.5 hr. EXPOSURE

(c) 15,200 x (d) 250 x
CORROSION P IT 305 hr. E.XPOSURE

FIG. S, -. SUM Arr- STRUCTURE OF 99.93 AL FOIL
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(b) 11,600
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(c) 250 X
135.5 hr. EXPOSURE

t

(d) 11,600 x
135.5 hr. FEXPOSURE

FIG. 10- SURFACE STRUCTURE OF 99.999 AL FOIL
/ n~
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(e) 500 x
303 hr. EXPOSURE
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1. R. K. Hart, Trans. Faraday Soc. 53, Part 7, 1020-1027, July 1957.

2. "Hydrogen Peroxide" by W. C. Sohumb, C. N. Satterfield and
R. L: Wentworth, A08 Monograph Ser•es, Reinhold Publahifng
Corporation 1955, p. 49.
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--5196 - ELECTRON PROBE MICROANALYSIS OF CORROSION PITS IN ALUMINUM
DRUMS POR H2O2 STORAGE - WL "Z

Sampla

The sample was taken from the bottom of a 2S aluminum drum used to
store 90% H 02. The surface in contact with the H202 showed
occasional large pits. We were asked to examine, with the electron
microprobes the pitted areas for concentrations of elements other
than Al. In particular, we were requested to examine the dark
stains which tail out from the pits (see, for example, Fig. 1). In

.3 addition to examining the "in situ" pits, we also examined a polished
section for the presence of second phases. The sample description
is recorded in ERD Data Book 3976.

Results

"In Situ" Pit

We were able to detect only Si, Sn, P, Fe, SO and Al in the region
of a pit shown in Fig. 1. Figures 2 and 3 show that P, Sn, and S
are associated together in the pit. The P and Sn compounds are
presumably due to reaction of aluminum ions with the stabilizers
normally added to H202. The Fe shows a very fine dispersion and
is not apparently uniquely associated with a pit. The Si is
associated with small cathodoluminescent (see Fig. 4) inclusions.
The pit has a cluster of these inclusions. Although the "tail" is
less cathodoluminescent than the surrounding oxide coat on the
aluminum, only Al is associated with it. We think that the "tail"
is a hydrous aluminum oxide resulting from electrochemical corrosion
of aluminum at the pit site.

Polished Section

Optical examination of a polished section of aluminum showed tiny
inclusions (see Figs. 5, 7). These inclusions tended to be clustered,
but the clusters were microscopically rare. Phenomenologically, the
quantity of clusters per unit area is of the same order of magnitude
as the number of pits in the previous sample. Electron probe
examination of the inclusions shows they are rich in Si (Fig. 6).
It is well known that pitting corrosion in alumin-um occurs most
frequently by electrochemical attack at second phase sites.
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